Narrow linewidth, diode laser pumped, solid state lasers by Gallaher, Nigel R.
 NARROW LINEWIDTH, DIODE LASER PUMPED, SOLID 
STATE LASERS 
Nigel R. Gallaher 
 
 
A Thesis Submitted for the Degree of PhD 
at the 
University of St Andrews 
 
 
  
1994 
Full metadata for this item is available in                                                                           
St Andrews Research Repository 
at: 
http://research-repository.st-andrews.ac.uk/ 
 
 
 
Please use this identifier to cite or link to this item: 
http://hdl.handle.net/10023/13617           
 
 
 
This item is protected by original copyright 
 
Narrow Linewidth, Diode Laser Pumped, Solid State Lasers
Thesis submitted for the degree of Doctor of Philosophy to the University
of St. Andrews 
by
Nigel R. Gallaher B.Sc.
J. F. Allen Physics Research Laboratories 
Department of Physics & Astronomy 
University of St. Andrews 
North Haugh 
St. Andrews, Fife 
Scotland
ProQuest Number: 10166269
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10166269
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
fX L
S U -
*)
'4
0
I
Declaration
î, Nigel R. Gallaher, hereby certify that this thesis has been composed by myself, that it is 
a record of my own work, and that it has not been accepted in partial or complete 
fulfilment of any other degree or professional qualification.
Signed Date
I was admitted to the Faculty of Science of the University of St. Andrews under 
Ordinance General No 12 on 1st October, 1987 and as a candidate for the degree of Ph.D. 
on 1st October, 1987
Signed Date %
I hereby certify that the candidate has fulfilled the conditions of the Resolution and 
Regulations appropriate to the Degree of Ph.D.
Signature of Supervisor Date
Copyright
In submitting this thesis to the University of St.Andrews I understand that I am giving 
permission for it to be made available for use in accordance with the regulations of the 
University Library for the time being in force, subject to any copyright vested in the work 
not being affected thereby. I also understand that the title and abstract will be published, 
and that a copy of the work may be made and supplied to any bona fide library or research 
worker.
u
ACKNOWLEDGEMENTS
I am indebted to many people for theii* assistance in the completion of this work, 
namely my reseaich supervisor Professor Malcolm Dunn for his encouragement and 
patient proof-reading of this thesis. Dr. Bruce Sinclair for his helpful suggestions and 
infectious enthusiasm for physics, and Dr. Bill Sleat for imparting some of his vast 
knowledge and experience in the “art” of electronics.
I must also thank Dr. David Tunstall and Dr. Ian Firth for the loan of some essential 
pieces of apparatus, and Newport Research Corporation for providing the high 
performance Supercavity miiTors used in this work.
The assistance of the technical support staff in the electronics workshop and 
mechanical workshop is greatly appreciated with special thanks going to Mr. Jimmy 
Lindsay for manufacturing the laser cavities and optics mounts so skilfully.
Finally, I owe a gi'eat debt of gratitude to my wife. Dr. Yueping Liu for the support, 
encouragement and above all friendship, she has provided.
Financial support was given by the Science and Engineering Council.
Ill
ABSTRACT
The design, consü'uction, evaluation and development of an all solid state, naiTow 
linewidth laser source is presented. The naiTow linewidth laser system was based on a 
miniature standing wave NdiYAG laser cavity, end-pumped with lOOmW of 809nm 
light from a fibre coupled GaAlAs diode laser array. This basic CW laser generated up 
to 30mW at 1064nm in a single, diffraction limited transverse mode (TEM qo) but multi­
longitudinal mode output beam. The laser had a pump power threshold of 24mW and an 
optical to optical slope efficiency of 39%. A simple rate equation based numerical model 
of this laser was developed to allow various design pai'ameters such as length of 
Nd:YAG gain medium and amount of output coupling to be optimised. Excellent 
agreement between the numerical model predictions of the output power as a function of 
input pump power and experimental data from the optimised multi-longitudinal mode 
laser was obtained.
To restrict this laser to operate on a single longitudinal mode, twisted cavity mode 
and intracavity étalon, mode selecting techniques were investigated. Both methods were 
found to produce reliable single mode laser operation and resulted in output powers at 
the lOmW level.
The relative free running frequency stability between a pair of single longitudinal 
mode diode laser pumped Nd:YAG lasers was investigated. By isolating these lasers 
from environmental noise using a small, custom built anechoic chamber the linewidth of 
the optical heterodyne signal between the two free mnning lasers was reduced fr om tens 
of megahertz to around lOkHz measured on a millisecond time scale. Further 
improvement in linewidth was achieved by actively locking the laser frequency to a 
novel ultra high finesse (jF-12,500, free spectral range ~500MHz) spherical mirror 
Fabry-Perot reference interferometer using the technique of Pound-Drever locking. The 
locked laser displayed a maximum frequency deviation of only IkHz from the centre of
IV
the reference cavity transmission and a frequency noise spectr al density of '-20Hz/VHz at 
IkHz.
In one of the first reported demonstrations of an all solid state injection seeded laser 
system, this single frequency laser was used to injection seed a diode laser array, 
transversely pumped, Q-switched Nd:YAG laser to produce 0.25mJ, 35ns pulses in a 
single longitudinal, single tr*ansverse mode beam.
Preliminary results on injection locking between two single frequency diode laser 
pumped Nd:YAG laser are also reported. A novel frequency stabilisation scheme based 
on resonant optical feedback locking is proposed and some preliminary experimental 
work on this technique is presented.
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1INTRODUCTION
1.1 Diode Pumped Solid State Lasers
Many exciting fields of research in optoelectronics, such as coherent optical 
com m unicationsL2,3,4,5,6  ^ LIDAR remote sensing"^»*,9 ,1 0 ,1 1  ^ gravitational wave 
detectorsi2.i3,i4^ laser isotope separation^^d6,i7,i8 and the next generation of optical 
frequency s t a n d a r d s ^ 1,22,2 3 ,24 based on laser cooled2^»^^»27,28 atoms or ions, rely 
on lasers with extremely narrow linewidth outputs. Progress in many of these areas has 
been hindered , however, due to the technical difficulties encountered in producing 
reliable laser sources having the necessary degree of frequency stability. With the recent 
revolution in diode laser pumped solid state laser technology, highly efficient and compact 
all solid-state laser sources are now available which display unprecedented levels of 
frequency stability. This has stimulated research in the field of ultra-stable lasers and made 
the development of coherent optical sources a fai* less daunting prospect.
The underlying design philosophy behind diode laser pumped solid state laser 
technology is the replacement of conventional flash lamp pump sources by highly 
efficient, robust and long lived semiconductor diode lasers. The resulting hybrid all solid- 
state or holosteric (from the Greek meaning wholly solid) laser acquires many of the most 
desirable qualities of the diode laser pump. Modem high power diode lasers are extremely 
reliable and have useful lifetimes in excess of 10^ hours, typically two orders of 
magnitude longer than high performance gas discharge lamps currently used for laser 
excitation. The overall conversion efficiency of electrical energy into useful light energy in 
a semiconductor diode laser is also far superior to its flash lamp counterpart and 
commonly approaches 50%. In end-pumped diode laser pumped solid state laser geometry 
the partial spatial coherence of the diode laser emission allows the pump beam to be tightly 
focused enabling excellent spatial overlap between the pump light and cavity mode of the
1
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solid state laser and selective excitation of the TEM qo cavity mode. Through temperature 
tuning effects of the diode laser emission wavelength it is also possible to achieve 
excellent spectral coincidence between the pump wavelength and a strong absorption band 
in the solid state gain medium. This results in optical-optical conversion efficiency in the 
holosteric laser as high as 30-40% and overall electrical to optical or “wall plug” efficiency 
approaching 20%. In comparison, a good flash pumped systems will have a wall plug 
efficiency in the region of only 5%.
Such high conversion efficiencies in diode pumped lasers means that waste heat 
production in the solid state gain medium is minimised and so forced air or water cooling 
of the gain medium is often unnecessary. As well as simplifying laser design, the absence 
of any forced cooling of the laser greatly reduces the technical noise (mechanical 
vibrations and acoustic noise) in the laser head resulting in excellent free running 
frequency stability. Diode pumped solid state laser systems can in general be made 
extremely compact and robust and so can be easily isolated from the environment, further 
improving their free running stability performance. For instance, diode pumped solid state 
lasers have been demonstrated with free running, short term linewidths in the region of a 
few kilohertz29,30,31,32,33 w ith  the application of the advanced frequency stabilisation 
technique of Pound-Drever locking^"^, this already naiTow linewidth can be dramatically 
reduced to the millihertz leveP5.36,37  ^In contiast, conventional flash lamp pumped solid 
state lasers have intiinsic linewidths typically in the region of 30-40 MHz. Even under 
active frequency control, these lasers have only achieved linewidth down to 100-200
kHz38,39_
Diode laser pumping not only harnesses the attractive features of the diode laser pump 
source itself but also overcomes many of the drawbacks, such as limited output power, 
poor beam quality and broad linewidth, encountered when using high power diode lasers 
directly as a primary laser source . The holosteric approach offers access to higher output 
powers by providing a convenient means of multiplexing the outputs from several diode 
laser pumps and by exploiting the energy storage capabilities of solid state gain media
C fm pîer l
through Q-switching techniques. High output powers in diffraction-limited beams opens 
up many opportunities in efficient nonlinear frequency conversion processes such as 
frequency doubling^o,41,42,43^  sum frequency mixing^ and more recently, efficient and 
widely tunable all solid state optical parametric oscillators This and the
wide variety of other solid state gain materials, which can be pumped by diode lasers, 
provide access to wavelength regions difficult to reach with today’s diode lasers.
This holosteric approach to laser design was in fact proposed back in 1963 by 
Newman"^^ shortly after the invention of the semiconductor diode laser. Even at this early 
stage in the history of laser development, many of the advantages of an all solid state laser 
system were already apparent. The first successful demonstration of a diode laser pumped 
solid state laser was performed by Keyes and Quist'^^ in 1964, using a GaAs diode laser 
to optically pump U:Cap2  operating at 4K. Despite this early demonstration of the diode 
pumped solid state laser principle and other subsequent demonstrations over the course of 
the late 1960s^®»^h52 ^9 7 0 3 5 3 ,5 4 ,55,55 progress was slow and experiments achieved
httle more than proof of principle status. Realisation of tlie fuU potential of diode pumped 
solid state lasers was hampered at this stage by the lack of development in the newly 
emerging field of semiconductor diode lasers. These early pump sources tended to be 
unreliable and the optical output power they could deliver was limited to only a few 
milliwatts. Another limitation to the practicality of these early diode pumped solid state 
lasers was the need for cryogenic cooling of the semiconductor diode lasers and frequently 
of the solid state gain medium also, in order to reduce laser threshold and to achieve 
spectral overlap of the diode laser emission and the absorption bands of the solid state gain 
medium through temperature tuning effects.
The true launch of the diode pumped solid state laser era came in the mid 1980’s with 
the maturation of semiconductor diode laser fabrication techniques and the publication in 
1985 by Zhou et al^^ describing the first ti'uly practical diode pumped solid state laser 
system. The device consisted of a 5mm long rod of NdiYAG, the ends of which had been 
suitably coated to form the laser cavity miiTors. This miniature NdiYAG cavity was
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longitudinally pumped by a single stripe GaAs/GaAlAs laser delivering 10-40mW of 
optical power depending on the particular make of the diode laser used. Although the 
output power from the diode pumped solid state laser was comparatively modest at around 
a few milliwatts, this simple laser displayed an excellent optical-optical slope efficiency of 
25% and unprecedented levels of overall electrical-optical efficiency and free running 
frequency stability of 6.5% and sub-lOkHz over 0.3sec respectively.
Since this pioneering demonstration of the potential of diode pumped solid state laser 
technology, progress has been made both in the development of the semiconductor diode 
laser pump sources and in diode pumped solid state laser design and perfoimance. This is 
evident from the almost bewildering number of publications in these areas and the 
extensive review articles appearing in the scientific press^^’^ *^^ ®»^ !. The performance of 
diode pumped solid state lasers is continuing to be extended with, for instance, electrical- 
optical (wall plug) efficiency as high as 15.8%^^ being reported in a NdiYAG laser as 
well as ever increasing output power. For example Tidwell et al^  ^demonstrated 60W cw 
output in a TEM qo mode from an end-pumped NdiYAG laser. Single frequency output at 
the 15W level has been achieved by Golla et al^ '^  using the technique of injection locking. 
Diode pumped solid state laser technology has impinged on all areas of laser engineering 
from cw devices exhibiting ultranarrow linewidth, through high power Q-switched 
systems^ '^^*  ^to mode-locked ultrashort pulse lasers^^. Not only have diode pumped solid 
state lasers fulfilled expectations of efficiency, size, reliability and frequency stability but 
the technology has also stimulated much activity in laser engineering itself. Many 
innovative laser systems have been developed to better exploit the advantages of new 
diode laser airays, bars and stacks. For example, the tightly folded resonator or TFR 
lasei4^ efficiently couples the light from a high power diode laser by coinciding multiple 
bounces of the laser mode inside a slab of gain medium with the individual stripes of a 
laser diode bar. Other novel schemes for multiplexing several pump sources have utilised 
lenses^^^o^ optical fibres by for example forming individual fibre pigtail from separate 
laser diodes into a single circular apertured fibre bundle"^  ^ or coupling pump light from 
many fibre pigtailed laser diodes into the gain rod through evanescent wave coupling'^2 jn
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the field of single frequency holosteric lasers a particularly noteworthy and highly 
successful laser design is the monolithic NonPlanar Ring Oscillator (NPRO) invented by 
Kane et al^  ^and subsequently modified by Trutna et al^ "^ . In this unidirectional ring laser 
all the elements of the intracavity optical isolator are embodied in the monolithic gain 
medium itself. The ring path is defined by four reflectors, three of which are provided by 
total internal reflection within the gain medium. A concave multilayer dielectric mirror 
used at oblique incidence acts as a partial polariser as well as the fourth cavity reflector. A 
magnetic field applied to the Faraday active gain medium forms the nonreciprocal 
(direction dependent) rotator whilst the reciprocal (direction independent) rotation is 
generated by the out-of-plane total internal reflections in the crystal^^. The dimensions of 
monolithic device are typically 5x4x2mm. The NPRO laser has proved ideal for diode 
laser pumping, capable of high output power (0.9 IW)^^ and excellent free running 
frequency stability (3-10kHz)^?78 ^nd has become a successful commercial product^^. 
Fast piezoelectric frequency tuning has also been demonstrated in monolithic^® and two- 
piece*^ diode pumped NPRO devices as well as NPRO operation at other wavelengths 
(1.319 and 1.338|im)24 and in other materials such as neodymium doped gadolinium 
gallium garnet (NdiGGG)*^
The NdiYAG solid state gain medium used by Zhou et al in the first demonstiation of 
the new generation of diode pumped solid state lasers has remained the most common 
laser gain medium in such devices to date and indeed is the material used in the lasers 
described in this thesis. Since the first demonstration of laser action in NdiYAG in 
1964*^, the material has established itself as the most widely used and perhaps most 
versatile solid state laser medium. For the purpose of laser diode pumping the Nd^+ laser 
active ion is ideally suited because its strong absorption bands at around 809nm coincide 
well with the emission wavelengths accessible to high power GaAs and GaAlAs diode 
lasers. The Y AG host lattice for this ion has many attractive mechanical and optical 
properties for a laser material. Y AG can be grown relatively easily and in large quantities 
with excellent optical quality. The robustness of the crystal is adequate to withstand
Chapter I
commercial cutting and polishing techniques and allows the fabrication of small rods, 
cubes, rhombs and other more exotic geometry used in diode pumped laser systems.
Finally, the thermal conductivity of NdiYAG is high. Whilst this feature is perhaps of 
little concern in low power laser diode pumped systems because of the small thermal load 
on the laser rod, it is an important consideration in high power systems where thermal 
lensing and even fracturing of the laser rods are major problems*"^. A more comprehensive 
discussion of the mechanical, optical and lasing properties of NdiYAG can be found in, 
for example, Koechner*^ and Zverev et al*®.
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Figure 1.1. Energy Level Diagram of NdiYAG
A simplified energy level diagram illustrating the salient features of NdiYAG is shown 
in figure 1.1. The room temperature transition from ^F3 /2  ^Iii/2 ~1064nm emission 
has the highest gain of all transitions in NdiYAG and consequently is the most frequently 
used in both flashlamp pumped and laser diode pumped systems. Other NdiYAG 
tiansitions have been demonstrated in laser diode pumped systems namely 4 F3 /2  " I^i3/2
at the important optical fibre communications wavelength of 1300nm and the quasi-three 
level system lasing from 4 F3 /2  —> ^1 9 /2  at 946 nm. Frequency doubling of these three
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transitions is relatively straight forward resulting in red (750nm), green (532nm) and blue 
(473nm) light. As well as providing useful source for high density optical data storage*^ 
there is the possibility of producing an all solid state white light laser source for use in 
high definition colour projection.
Rapid progress is continuing to be made on all fronts in the field of holosteric lasers. 
The diode laser pump sources are constantly being improved to give ever higher output 
powers in better quality beams and over an increasing range of emission 
wavelengths**»*®. New nonlinear materials are being developed and existing material 
growth techniques are being improved opening up more opportunities in nonlinear 
frequency conversion. New solid state gain materials are also being developed for use in 
diode pumped lasers such as the self-frequency doubling Neodymium Yttrium Aluminium 
Borate (NYAB) laser®® or widely tunable vibronic gain media such as Cr:Alexandrite^^, 
CriLiSrAlFô CriLiCaAlFg and CriLiSiGaFg ^4 This wavelength diversity coupled 
with the exuaordinary frequency stability possible with holosteric lasers means that widely 
tunable coherent optical sources are now a practical reality.
1.2 Thesis Outline
Chapter 2 contains a brief overview of the remarkable advance made in diode laser 
technology starting from the basic single emitter device through to the veiy high power 
one and two dimensional arrays and fibre coupled devices available today. The particular 
fibre coupled diode laser array used to end pump the NdiYAG lasers in this thesis is also 
described and a full characterisation of its optical properties is provided.
The design, construction and evaluation of the basic end-pumped, multi-longitudinal 
mode NdiYAG laser is described in Chapter 3. The important question of mode overlap 
between pump and cavity beams for reliable TEMqo operation of the NdiYAG laser was 
investigated together with the determination of the optimum level of output coupling 
required for maximum laser output power. To characterise the laser performance, optical
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to optical slope efficiency measurements were made and the transverse and longitudinal 
mode behaviour of the NdiYAG laser output was also investigated. A simple rate equation 
based numerical model of an end-pumped solid laser was developed and used to study the 
effect of altering various design parameters, such as NdiYAG rod length and output 
coupling, on the performance of the solid state laser. A comparison between the laser 
behaviour predicted by this model and the experimental data obtained from the system is 
also presented.
The next step in the refinement of the basic NdiYAG laser source was to improve its 
longitudinal mode characteristics from multimode to single mode operation. The basic 
causes of multi-longitudinal mode operation in lasers are discussed and various methods 
of mode control are reviewed in Chapter 4. Mode selection by intracavity étalon and by 
twisted mode were deemed the most appropriate techniques to apply to the open cavity 
NdiYAG laser described in the previous chapter. These two mode selection techniques 
were investigated experimentally using the diode end-pumped NdiYAG laser and the 
relative merits and difficulties encountered with these two systems were described.
In Chapter 5 the numerous environmental and fundamental factors which influence the 
free-running frequency stability of a solid state laser are considered. This section also 
charts the gradual improvement in the passive, relative frequency stability of two cw end- 
pumped single mode holosteric lasers through modifications in cavity design and acoustic 
isolation. The emphasis here was on reducing the short term laser linewidth in order to 
ease the demands on bandwidth and gain of any electronic servo loop to be used for 
further active frequency stabilisation.
To achieve additional line narrowing of the diode laser pumped NdiYAG laser output 
spectrum active frequency stabilisation techniques had to be considered. Chapter 6 
introduces the general principles of active laser frequency stabilisation and reviews some 
of the most common techniques available. Particular attention is paid to the Pound-Drever 
method of frequency stabilisation as this was the technique applied to the lasers in this 
work. A phasor model of the Pound-Drever stabiliser is presented which provides useful
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insight into the operation of this system. This is followed by a more rigorous mathematical 
description. The chapter concludes with a discussion of the ultimate limit of active 
stabilisation in reducing laser linewidtli.
Following on from this theoretical analysis of active frequency stabilisation. Chapter 7 
describes the experimental implementation of the Pound-Drever frequency stabiliser of the 
diode pumped NdiYAG laser. Include here was design, construction and characterisation 
of the ultra high finesse (F -12,000) optical reference cavity together with details of the 
wide bandwidth piezoceramic transducer used to modify the laser frequency. The level of 
frequency stabilisation achieved with this system was assessed and the limitations of the 
particular servo loop design used were identified.
One area where frequency stabilised CW lasers are used is in axial mode selection 
(injection seeding) and frequency control (injection locking) of higher power pulsed and 
CW laser oscillators by injected signal. Chapter 8 describes experimental work in the use 
of the narrow linewidth, CW, end-pumped holosteric laser as a "master oscillator" for 
injection seeding a Q-switched transversely pumped holosteric laser and some preliminary 
studies of its use for injection locking a second CW, end pumped holosteric laser. The 
novel use of resonant optical feedback locking as a method for frequency stabilising diode 
laser pumped NdiYAG lasers is also proposed. Finally, in chapter 9, the accomplishments 
of the current work are summarised.
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DIODE LASER PUMPS FOR SOLID STATE 
LASERS 
2.1 Introduction
Of key importance to the recent advances in diode laser pumped solid state laser 
technology has been the remarkable progress made in the development of high power, 
highly efficient and reliable semiconductor diode lasers. In the field of high power diode 
lasers research, much of the interest has focused on devices fabricated from ternary 
alloys of Gai-xAlxAs. This family of laser diodes emit in the near infra-red region of the 
spectrum with wavelengths ranging from 640-900nm. This wavelength range spans the 
absorption pump bands of several important laser active ions (e.g. Nd^+, Ho3+, Ei*3+) 
used in many common solid state laser hosts T2,3,4,5
The highest output powers reported to date for GaAlAs diode lasers have been 
achieved using integrated linear arrays of diode lasers and hybrid two dimensional 
stacks of such arrays. For instance, CW power levels over lOOW from a 1cm wide linear 
array have been reported^. Peak output powers have been pushed even higher by 
operating diode laser arrays in a long pulse, low duty factor mode to give over 210W 
peak power from a single 1cm wide array and over 3kW peak power at around 810nm 
from a 1cm X 1cm two-dimensional stack^.
2.2 Single Emitter Diode Laser Design
The basic building block for the newest generation of high power airays is a GaAlAs 
gain-guided Single Quantum Well, Separate Confinement Heterostructure (SQW-SCH). 
The internal stricture of such a device, illustrated in figure2.1, consists of several thin
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crystalline layers of GaAlAs epitaxially grown on a GaAs substrate. The device derives 
its name from the fact that the electrical carriers and the optical field generated are 
confined vertically within the device by different layers of the diode laser structure. At 
the centre of the device is a two dimensional quantum well active region formed by a 
very thin (typically lOnm) layer of undoped GaAlAs sandwiched between thicker 
(~40nm) quantum confinement layers of larger band gap (higher A1 content) undoped 
GaAlAs. Above and below these layers foiming the quantum well are the p and n-doped 
layers of GaAlAs. A final capping layer of heavily doped p-type GaAs is deposited on 
the top of the semiconductor stack to enable ohmic contacts to be formed on the device.
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F igure 2,1. Internal structure of a single quantum-well GaAlAs diode 
laser.
As constructed, there is no structure in the device to give lateral confinement of 
electrical carriers or the optical field. Instead, the width of the active region in this 
dimension is defined by restricting current flow to a narrow channel through the 
structure. Channelling of the drive current is achieved by leaving only a narrow, well 
defined strip of high electrical conductivity material on the surface contacting layer and 
rendering the remainder of this layer electrically insulating by proton bombardment.
With the application of a suitable external voltage to this stripe contact the pn 
junction of the diode laser becomes forward biased causing electrons and holes to be
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injected into the active region from the n and p-doped semiconductor layers respectively. 
These injected carriers become tiapped in the quantum well layer by potential barriers 
(heterobarriers) at the layer boundaries thus establishing the "population inversion" 
required for laser action.
Photons generated by the subsequent radiative recombination of these holes and 
electrons experience strong vertical confinement within the device due to variations in 
the refractive index of the different semiconductor layers. The optical slab-waveguide 
formed by these layers has an effective emitting aperture of typically 300-500nm in 
height. By comparison, optical confinement in the plane of the device is much weaker. 
In this dimension the width of the optical mode is constrained by the high optical loss 
suffered in the regions of unpumped semiconductor bounding the active stripe. The 
width of this so called "gain guided" optical mode is of the order of 5 p.m for narrow 
stripe devices. Because of the large difference in optical confinement in the planes 
parallel to and perpendicular to the diode junction the optical mode emitted from the 
diode laser is highly astigmatic but can nevertheless be focused to a diffraction limited 
spot by suitable cylindrical optics.
The final element required to achieve laser action in the device is optical feedback. 
This is provided by Fresnel reflection of the lasing mode at the cleaved ends of the 
semiconductor crystal. Since GaAlAs has a high refractive index, typically around 3.6, 
the reflectivity of the semiconductor/air interface is over 30%. In general diode lasers 
exhibit very large optical gain per unit length and so the relatively low amount of optical 
feedback provided by the cleaved crystal facets is usually adequate to sustain oscillation. 
However, for ultimate output power performance from high power diode lasers the 
reflectivity of the end facets is often modified by the application of dielectric coatings. 
Usually a high reflectivity (>95%) coating is deposited on the rear facet whilst an anti­
reflection (AR) coating layer is applied to the front facet to reduce its reflectivity to less 
than 5%.
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2.2.1 Wavelength Output
The wavelength of the radiation emitted from a diode laser is determined by the 
bandgap energy of the active region. For GaAlAs devices the laser emission lies in the 
near infrared part of the spectrum vai-ying from ~640 to ~900nm depending on the exact 
composition of the device. Whilst coarse wavelength tuning of the diode laser is 
achieved during the construction stage by choosing the appropriate Aluminium content, 
fine wavelength adjustment of the finished device is achieved by varying its operating 
temperature. The emission wavelength shifts at a rate of ~0.3nm/°C due to temperature 
related changes in the bandgap energy^. The operating temperature of the diode laser can 
be conveniently and precisely controlled by a thermoelectric (Peltier) device enabling 
the wavelength of the diode laser output to be matched to the absorption bands of many 
solid state laser materials resulting in highly efficient pumping.
2.2.2 Maximum Output Power
The maximum optical power available from a diode laser is generally limited by the 
emission area of the crystal facet and in the case of single, narrow active stripe devices, 
CW powers as high as 425mW from a 3.1|iim wide active region have been 
demonstrated^. Under such operating conditions the optical power density at the diode 
laser facets is extremely high (of the order of a few megawatts/cm^) and operating 
lifetimes are short. For GaAlAs devices, if the optical power density at the facet exceeds 
- 6 MW/cm^, enough localised heating occurs due to non-radiative recombination of 
carriers that the mirror facets melt in a catastrophic thermal runaway process^®. To 
obtain a reasonably long working lifetime > 1 0 ^ hours it is necessary to operate diode 
lasers at 20 to 30% of the catastrophic mirror damage limit and so the output of 
commercially available single stripe devices is rated at around 50mW.
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To reach higher output powers from diode lasers it is therefore necessary to increase 
the effective facet area to keep the optical power density within safe limits. In practice, 
however, it is found that increasing the emitter width of a single stripe to over ~ 1 0 )im 
can lead to laser oscillation on many incoherent, unstable filaments^ bz. This filamentary 
lasing results from an interaction between the optical field and the injected carriers in the 
active region giving rise to self-focusing of the lasing mode. In a region of high optical 
field strength within the active stripe, there is correspondingly stronger stimulated 
recombination of carriers. Associated with this reduced carrier density is an increase in 
the refractive index in that region and so the lasing filament produces its own optical 
waveguide. This situation is, however, potentially unstable since there are neighbouring 
regions of high, undepleted gain. If these high gain regions are wide enough they may be 
able to support lasing of other filaments. Since such filaments lase essentially 
independently, their outputs are uncorrelated giving rise to a far-field beam divergence 
far greater than the diffraction limit. Such uncontrolled filamentary lasing is also 
potentially hazardous as localised regions of high power density can occur resulting in 
premature failure of the device. Despite the problems associated with these devices, very 
high powers have been achieved from single broad area diode lasers. For instance, a 
600|im wide stripe GaAlAs broad area laser has been operated up to 5W CW output 
power^^ and an InGaAsP/GaAs 100pm wide stripe device displayed 5.3W CW output^^.
2.3 High Power Diode Laser Arrays
2.3.1 Diode Laser Arrays and Bars
The solution to the problems of reliable high power emission, scalability and to some 
extent beam coherence has been to integrate several narrow stripe diode lasers onto a 
common substrate. See figure 2.2. This apparently simple approach has only become 
practical comparatively recently due to developments in Molecular Beam Epitaxy 
(MBE) and Metal-Organic Chemical Vapour Deposition (MOCVD) crystal growth
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techniques and advances in photolithographic processes. These sophisticated epitaxial 
growth systems aie capable of the very fine compositional control necessary to grow the 
multilayer diode laser structure and are also able to produce relatively large areas of 
semiconductor of high uniformity.
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Figure 2.2. Schematic of a high power laser diode airay.
As with the single stripe device described above, the multiple active stripes are 
defined on the diode laser wafer by proton bombardment of the surface layer. If these 
active stripes are defined sufficiently close together then lateral leakage of optical 
radiation can cause evanescent coupling of optical modes in adjacent emitters msulting 
in coherence of the output beam across the array facet. Ideally the array of emitters 
should phase-lock with zero phase difference between neighbouring stripes to generate a 
single lobed, diffraction limited far field radiation pattern. In practice, however, due to 
high optical loss between stripes, the lowest threshold mode of operation for the array 
tends to be that with adjacent stripes locked in anti-phase resulting in a dual lobed 
emission. For the purposes of pumping solid state lasers this coherent dual lobed 
radiation pattern may in fact be detrimental to laser performance because of the 
nonuniform pumping of the solid state gain medium. For this reason, in many 
commercially produced devices, the degree of phase locking across the array is relaxed 
so the intensity profile of the far field emission pattern in the plane of the diode junction 
is more uniform although several times tlie diffraction limit in width. In the plane 
pei'pendicular to the diode junction, the output beam remains diffraction limited^.
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The maximum output power characteristics of these arrays scale approximately 
linearly with the number of emitters in the array up to total array widths of the order of 
400p.m. However, as the width of the array becomes significantly greater than the laser 
cavity length, Amplified Spontaneous Emission (ASE) and even transverse lasing can 
occur across the array causing instability and reduced output power in the desired lasing 
mode. Such parasitic optical interactions across the array can be suppressed by etching 
grooves periodically along the length of the device^'^. In this way, very large arrays, 
known as diode laser bars, have been fabricated. At present practical processing 
considerations limit laser bar widths to a maximum of 1cm. Such a 1cm wide bar, with a 
total active aperture size of 7200|im, has been operated up to a 122W CW before failing 
catastrophically^.
Although the maximum output power for this device was limited by catastrophic 
melting of the diode laser facet, under CW operating conditions it is more usual for the 
maximum output power to be limited by heat dissipation in the diode junction. 
Excessive heat build up in the diode laser manifests itself as a reversible roll-off in 
output power with increasing drive current^^»'^. By operating the array in a long pulse 
(~250p,s), low repetition rate (~100Hz) mode known as quasi-CW operation, over­
heating of the diode junction can be avoided and the peak output power is limited only 
by the catastrophic failure level.
2.3.2 Two Dimensional Diode Laser Stacks
Yet higher output powers can be attained by combining the outputs of many 
individual diode laser arrays or bars. Diode laser bars can be conveniently stacked to 
form large two dimensional arrays suitable for side pumping solid state laser rods or 
slabs. Care must be exercised when selecting bar elements for a two dimensional stack. 
The bars chosen must have similar light vs current characteristics and spectral outputs in 
order to achieve relatively uniform intensity output from the emitting face and an overall 
spectral emission narrow enough for efficient pumping of solid state laser materials. The 
major drawback with the stack geometry is the difficulty in removing waste heat even
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when operating the array quasi-CW. To maintain high brightness output from the stack, 
bars are mounted close together and so waste heat can usually only be removed from the 
rear surface. Various stack architectures have been developed to improve heat 
dissipation including the use of impingement coolers^ ^  or synthetic diamond heat 
spreaders mounted on silicon microchannel coolers^^.
2.3.3 Fibre Coupled Diode Laser Arrays
An alternative method of multiplexing diode laser arrays to achieve high powers is 
to couple the output from individual diode laser arrays or bars into multimode optical 
fibres and form these fibres into tightly packed bundles^ Although the need for 
accurate alignment of the optical fibres to the diode laser arrays adds an extra element of 
complexity to the packaging of the device (and subsequent increase in production costs), 
fibre coupling offers several advantages over two dimensional stacks for high power 
operation. For instance, fibre coupling enables:
1 . the diode laser arrays to be physically separated easing the problem of waste
heat removal.
2 . the arrays to be individually temperature tuned for best spectral matching of
pump radiation into absorption bands of solid state laser materials. This 
relaxes the tolerances on spectral matching of diode laser array emission 
compared with the high degree of spectral and electrical matching required for 
two dimensional stacks.
3. the diode laser arrays and their associated hardware (current drive units, 
temperature controllers, heatsinks, etc) to be located remotely from the solid 
state laser. This enables complete electrical isolation of the laser head and 
offers the possibility of a more compact laser head design.
4. scalability to higher powers by simply adding more fibre coupled arrays.
5. easy replacement of damaged diode laser arrays.
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6 . circular optical output. Fibre optic coupling can be a useful way of 
circularising the highly astigmatic, elliptical output beam of a diode laser 
array. Linear-to-circular fibre bundles have also been used successfully to 
combine the individual laser array elements of a multiple array, 1cm wide, 
diode laser bar into a circular output format"^
However, fibre coupled aiTays exhibit a lower overall electrical to optical efficiency 
due to quite high coupling losses incurred because of the mismatch between the 
elliptical output mode shape of the diode laser array and the guided modes of the optical 
fibre. The optical brightness (optical power per unit area per unit solid angle) of a fibre 
coupled array is also significantly less than that obtained directly from the airay because 
of the larger emitting area of the fibre end. To illustrate this, a standard diode laser array 
emitting 500mW from a 100p,m x  0.5|xm aperture into an elliptical mode with FWHM 
divergence of 40° in the major axis and 10° in the minor axis has an optical brightness 
approaching 5MW/cm"^-sr. in contrast, a commercially available fibre coupled version 
of the same array exhibits an optical brightness of only 1 IkW/cm-^-sr assuming a typical 
coupling efficiency of 50% into a 100|im diameter core, 0.3 N.A. optical fibre. 
Significant improvements in optical brightness can be achieved by using a smaller 
diameter fibre flared into an elliptical cross-section at one end. The elliptically shaped 
fibre end, butt coupled to the diode array offers a good match to the array's elliptical 
output greatly improving coupling efficiency. The optical brightness at the output end of 
a multimode fibre is given by the expression
optical Brightness = PowerArea of fibre end x Solid angle of fibre emission
7------  Ï7 (2.1){ Ttr (N.A.)
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where P is the optical power from fibre, r equals the fibre core radius and (N.A.) is the 
numerical aperture of the fibre. From equation (2.1) it can be seen that the brightness is 
inversely proportional to the square of the fibre core radius so it is obviously 
advantageous to taper the fibre core to a small size.
Using this approach Chang-Hasnain and co-w orkers^  at Spectra Diode Laboratories 
have demonstrated coupling efficiencies in excess of 80% for a lOOp-m wide diode array 
coupled into a 140pm x 22pm elliptically ended fibre tapered to a circular exit aperture 
of 50pm diameter. The maximum output power from the fibre reached 850mW CW 
corresponding to an optical brightness from the fibre end of 150kW/(cm‘^  sr).
2.4 Other Areas In High Power Diode Laser Research
Although edge emitting GaAlAs phased array technology is currently proving a very 
successful route to high output power, long lifetime semiconductor diode lasers, many 
other routes to high output powers from diode laser devices are also being explored.
For instance, diode laser arrays are now being developed which emit an output 
beam perpendicular to the surface of the device as opposed to the more conventional 
edge emission. Since these surface emitting lasers are not constrained to emit from an 
exposed edge of the semiconductor, they can be grown anywhere on the substrate 
enabling one and two dimensional integrated arrays to be fabricated on a single 
substrate. The problem of waste heat removal which currently plagues edge emitting, 
high power linear arrays, bars and two dimensional stacks may be eased in the surface 
emitting geometry as heat can be removed directly through the whole area of the 
substrate. At present there are three basic configurations of surface emitting devices; 
vertical cavity lasers^®*^ ,^ 45° defiectors^^»^»^^ and grating surface emitters^^»^®’^ ’^^ *.
Efforts are also being made to improve the beam quality from high power diode laser 
arrays. A number of promising diode laser geometries are emerging that have
29
Chapter 2
successfully generated coherent high power emission such as Y-junction coupled 
arrays^^’^ ®’^ ^ injection locked arrays^^'^^, hybrid and monolithically integrated Master 
Oscillator/Power Amplifiers (m OPA)^'^»35,36,37,38 devices and arrays of resonant 
antiguides^^*'^®'^h42,43,44
High power diode laser technology is also being applied to other families of 
semiconductor lasers to provide high power devices operating at alternative 
wavelengths. Of particular note has been the development of high power strained layer 
quantum well InGaAs diode lasers emitting in the 910 - 980nm region of the 
spectrum"^ '^^»"^  ^ for pumping Erbium doped optical fibre amplifiers in long distance 
optical communication networks' '^^. Also, high power diode laser arrays operating in the 
red visible part of the spectrum (660-680nm)^®*'^^ are now available and are of 
considerable interest as pump sources for new vibronic solid state laser gain media such 
as Cr:Alexandrite^®, CriLiSrAlFg CriLiCaAlFg ^2 and Cr:LiSrGaF6
The wavelength range accessible from diode lasers is also being extended to longer 
and shorter wavelengths through the development of new semiconductor alloys and 
diode lasers architectures. The wavelength range now covered by the semiconductor 
diode laser family extends from 3 O|0,m in the mid infra-red generated from PbSnSe lead 
salt diode lasers down to 447nm from the new cryogenically cooled ZnSe/ZnMgSSe 
Multiple Quantum Well devices^^’^ *^^ ’^^ .^
Given the large spectral coverage possible from diode lasers and the progress being 
made in the areas of diode laser technology and solid state laser medium research, in 
particular tunable vibronic systems, there is tremendous potential for developments in 
the field of diode laser pumped solid state lasers.
2.5 Characterisation of the Pump Diode Laser
In this work, the laser diode array used to end-pump the NdiYAG laser is a GaAlAs 
quantum well device (model SDL-2422-42) having a gain guided, double heterojunction
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Structure. This device, manufactured by Spectra Diode Labs, is packaged in a TO-3 style 
canister and comes complete with an internal thermo-electric cooler (TEC) and a 
photodiode for optical output power monitoring. Laser emission is via a fused silica 
multimode, step index optical fibre pigtail of dimensions 100|xm core diam eter, 140p,m 
cladding diameter and effective numerical aperture N.A.=0.3. Close coupling of this 
fibre to the emitting facet of the laser diode array is specified to provide approximately 
50% coupling efficiency resulting in a net maximum optical output power of lOOmW 
from the fibre end.
2.5.1 Fibre Pigtail Output.
The multimode optical fibre scrambles the spatial mode pattern of the laser diode 
array resulting in a spatially incoherent but temporally coherent optical emission. The 
output from the fibre has a circularly symmetric, approximately flat topped intensity 
profile emerging as a 20° full width at half maximum (FWHM) diverging light cone as 
shown in figure 2.3.
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Figure 2,3. Intensity emission pattern from a fibre coupled laser diode 
array (diagram from Ref.8 ).
2.5.2 Laser Diode Drivers.
Commercial laser diode drivers (Spectra Diode Labs SDL800) were used to power 
the CW laser diode arrays. These drivers can provide DC currents up to 1 Amp and may 
be operated in either a Current Control (constant diode cuiTent) or in a Light Control 
(constant light output from the laser diode array) mode. The driver unit also contains
31
Chapter!
thermo-electric cooler (TEC) control circuitry to enable temperature control of the laser 
diode over the range -20°C - +40°C to an accuracy of ±1°C.
2.5.3 Output Power Vs Current Characteristics.
Figure 2.4 shows the light versus current characteristics for the laser diode taken at 
diode temperatures of 0°C and 25°C. Below threshold the device behaves as a low 
efficiency Light Emitting Diode (LED) generating only incoherent spontaneous 
emission. As lasing threshold current is exceeded however, the optical power emitted 
from the laser diode array increases in a rapid, linear fashion with increasing input 
current.
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Figure 2,4. Output power as a function of drive current for one of the 
diode laser arrays. Optical power measurements were made using the laser 
diode’s internal power meter and with an external Scientech power meter.
It can also be seen from figure 2.4 that there is a dependence of laser threshold 
cunent on device temperature. This change in threshold current with temperature can be 
approximated by the exponential function^
(threshold at T2 ) = (threshold at T 1) exp[(T^ - Ti)/Tq] (2.2)
where To is known as the threshold temperature coefficient. For GaAlAs devices, Tq lies 
typically in the range 120 - 190K, the exact value depending on the material quality and
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structure of the device. For the data in figure 2.4, Tq is approximately 150K. The 
increase in threshold current with increasing temperature is due in part to the increased 
energy spread of the carriers injected in to the active region.
2.5.4 Spectral Characteristics.
The spectral characteristics of the laser diode array output were studied using a 
Monospek 1000, 1 metre monochromator calibrated to the 632.8nm and 1064nra laser 
transitions of a HeNe and a Nd:YAG laser respectively. The highly divergent laser 
emission from the fibre pigtail was focused onto the input slit of the monochromator by 
means of a x  10 microscope objective. Transmission through the monochromator was 
monitored by a large area silicon photodiode (mounted at the monochromator output 
slit) coupled to an amplifier and chart recorder.
Mode Structure.
A typical output spectrum from the laser diode array is shown in figure 2.5. The 
device oscillates simultaneously on several (typically 5-10) longitudinal modes 
contained within a =2nm envelope. These modes are adjacent longitudinal modes of the 
Fabry-Perot laser cavity and are separated in wavelength by the laser cavity's free 
spectral range AX given by (see Ref.8 )
12
A X «-------------  (2.3)2nL.(1.25)
where X = operating wavelength (SlOnm), n = effective refractive index of the active 
region (=2.86) and L = laser cavity length. The factor (1.25) is included to account for 
dispersion in the layered structure of the diode. From the spectrum illustrated in figure 
2.5 the mode spacing is 0.34nm and so equation (2.3) indicates a cavity length, L, of 
270|J.m for this device. The spectral width of the individual longitudinal modes is 
specified in the manufacturers literature to be lOMHz - 5GHz depending on the power in 
the mode.
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Figure 2,5. Diode laser emission spectra at different output powers.
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As well as oscillating on several longitudinal modes, the laser diode array supports 
oscillation of lateral modes across the evanescently coupled active stripes. It is the 
presence of these lateral modes or "supermodes"^* which is responsible for the clearly 
visible substructure superimposed on the spectrum in figure 2.5.
Mode Structure as a Function of Power.
Figure 2.5 shows emission spectra of the laser array for various optical output 
powers. As might be expected, the number of oscillating modes tends to increase with 
increasing output power. The envelope of the diode laser emission spectrum also shifts 
towards longer wavelengths with increasing drive current probably due to an increasing 
temperature differential between the laser diode chip and the temperature controlled 
heatsink.
Temperature Tuning.
The tunability of the laser diode output wavelength was investigated. Spectra of the laser 
output were recorded for various laser diode temperatures in the range 0°C - 30°C whilst 
maintaining a constant laser output power of 50mW. The primary tuning characteristic 
indicated by this data (see figure 2 .6 ) is that the 2 nm wide wavelength envelope of the 
laser diode emission shifts at a rate of ~0.23nm/°C. This effect is caused by temperature 
ælated changes in the bandgap energy. Figure 2.6 also shows that the wavelength of any 
one longitudinal mode has a much smaller temperature dependence, changing by only 
-0.06nm/®C. This tuning of the individual mode frequencies is related to thermal 
expansion of the laser diode cavity and temperature dependant variations of the 
refractive index of the active region.
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Figure 2.6. Temperature tuning of the diode laser array, (a) Here, the 
measured wavelengths of each individual diode laser mode is indicated, 
with the size of the marker corresponding (approximately) to the relative 
strength of the mode, (b) The wavelength of the peak in diode laser output 
as a function of temperature. The total diode laser output power from the 
fibre was 50mW for each graph.
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CHARACTERISATION AND MODELLING OF 
THE Nd:YAG HOLOSTERIC LASER
3.1 Nd:YAG Laser Cavity Design
The structure of the holosteric laser is similar to the experimental systems developed 
by, for example, Sipes^ Berger et aP and to some commercial systems such as the 
Spectra-Physics model 7900 fibre coupled Nd:YAG laser. The laser had a plano-concave 
resonator containing a 5mm long, 3mm diameter Nd:YAG rod. The pumped end of the 
Nd:YAG rod was dichroically coated to form a highly transmitting window for the pump 
wavelength (T>85% at 809nm) and a high reflectivity mirror at the lasing wavelength 
(R>99.5% at 1064nm). The opposite end of the laser rod was slightly wedged to prevent 
étalon effects and was also antireflection coated for 1064nm light to reduce intracavity 
losses. Output coupling was by means of a 1-1.5% transmission concave mirror with a 
typical radius of curvature of 50mm. This output mirror was mounted on a two axis 
gimbal mount and a linear translation stage to allow the mirrors to be aligned and the 
cavity length to be optimised. The end-pumped laser cavity is illustrated in figure 3.1.
Output coupler 
ROC =50m m  
R = 98.5%
H.R. at 1064nm 
H.T. at 809nm A.R. at 1064nm
5mm0 ball lens
100pm core fibre
5mm X 3mm Nd:YAG rodDiode laser array g
1064nm laser 
1 output
Figure 3.1. Schematic diagram of the open cavity, end-pumped holosteric 
laser.
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3.2 Pump Light Delivery System
The diode laser array's fibre optic pigtail and a focusing element were aligned and 
clamped in a "V" groove machined between two aluminium blocks. This pump assembly 
was mounted on a three axis linear translation unit to facilitate accurate spatial positioning 
of the pump beam with respect to the end of the Nd:YAG rod.
In order to focus the highly divergent (-14° half cone) output beam from the 100pm 
core, N. A.=0.3 fibre pigtail, the focusing element was required to have a large numerical 
aperture. The focusing element used was a single, antireflection coated, 5mm diameter ball 
lens (Melles Griot model 06LMS205). The optimum focused spot size for the pump beam 
was found by varying the fibre end - ball lens separation whilst monitoring the NdiYAG 
laser output power. A fibre - lens separation of between 2mm and 3mm corresponding to 
a pump spot radius of around 70pm gave best results for a laser mode waist of about 
60pm. The tolerance on the exact pump beam spot size was not too critical as the NdiYAG 
laser output power could also be maximised by adjusting the laser cavity length to 
optimise the mode overlap and divergence of the pump and laser beams.
The use of a single large numerical aperture lens for focusing the pump light meant 
that spherical aberration played an important role in determining the pump beam profile 
inside the NdiYAG rod. To investigate these aberration effects the fibre - ball lens pair 
were modelled using a computer based ray tracing analysis. The end face of the fibre was 
divided into KXM) elements and from each of these elements a 14° half angle cone of rays 
was propagated through the lens and into the laser rod. The power density at any point 
inside the laser rod could then be calculated by dividing the rod into many elements and 
counting the number of rays passing through each element at that point. An example of a 
contour plot generated by this model showing the pump power density distribution inside 
the rod is shown in figure 3.2. From this figure it can be seen that the lens aberrations 
actually have the beneficial effect of softening the pump beam focus within the rod thus 
improving the spatial overlap of the pump beam to the low divergence laser mode.
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Figure 3,2. Contour plot of the pump density within the NdiYAG rod in 
the absence of any absorption. The fibre-ball lens separation was 2mm and 
the lens-rod distance was 3mm.
Since it was not possible to measure experimentally the pump power distribution 
inside the laser rod directly, the only way of checking the accuracy of the computer model 
was to set the rod refractive index value to 1 and to compare the data generated to free 
space pump beam profile measurements made using a scanning pinhole (1 2 p,m diameter) 
and photodiode arrangement. The results are compared in figure 3.3 and show a 
reasonable agreement between experiment and model.
200
X theory 
• experiment
5 6  7 8 9Distance Along Beam (mm)
Figure 3.3. Comparison of the experimental and theoretical pump beam 
divergence in air. The beam radius was taken to be the beam half width at 
the 1/e^ intensity point.
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3.3 Spectroscopic Study of Nd:YAG
To determine the overlap of the emission wavelength of the diode laser and the 
absorption profile of the Nd:YAG laser rod, a spectroscopic analysis of the Nd:YAG 
sample was carried out. The transmission spectrum of the 5mm long Nd:YAG crystal was 
recorded using a Monospek 1 metre scanning monochromator with an incandescent lamp 
as a white light source. This optical transmission data was then converted into units of 
absorptivity per unit length normalised to the black body emission spectrum of the 
incandescent lamp. This converted data is displayed in figure 3.4 together with the typical 
2 nm wide emission band from the multi-longitudinal mode laser diode for comparison. 
The 2 nm emission band of the diode laser is too broad to be matched completely into the 
maximum absorption peak of the NdiYAG. Using a single frequency high power diode 
laser would offer a better spectral overlap with the maximum NdiYAG absorption and so 
could improve pumping efficiency.
III
1.0 Diode Laser Modes
0.8
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Figure 3.4. Absorption spectrum of 1% doped NdiYAG. For comparison 
the ~2 nm wide diode laser array emission spectrum is also shown.
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3.4 Measurement Of Pump Light Transmission 
Through an Nd:YAG Laser Rod
To obtain more direct data on the absorption of the diode laser emission in the 
NdiYAG rod the diode laser output was passed through the crystal and the transmitted 
optical power recorded as a function of diode heatsink temperature (i.e.. mean emission 
wavelength). See figure 3.5. In comparison with figure 3.4, much of the fine spectral 
absorption detail of the NdiYAG sample has been lost due to the relatively broad diode 
laser wavelength emission smearing out the sharper absorption features of the NdiYAG.
Diode Wavelength (nm)
804 805 809 810
20 “I
0 105 15 20
Diode Temperature (°C)
F igure 3.5. Transmission of the diode laser pump light through a 5mm 
long NdiYAG rod plotted as a function of the diode laser heatsink 
temperature/output wavelength. Output power from the fibre coupled diode 
laser was lOOmW from the end of the fibre.
From figure 3.5 the maximum absorption of pump radiation in the laser crystal occurs 
at a diode heatsink temperature of ~16±0.5°C corresponding to a wavelength emission 
from the diode laser array centred on ~808.7nm. At this pump wavelength approximately 
95% of the diode laser emission was absorbed in the 5mm long sample of NdiYAG.
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3.5 Optimum Output Coupling
For any laser oscillator there is an optimum amount of output coupling which gives the 
maximum power extraction from the resonator. If the amount of output coupling is too 
small, the power circulating in the resonator will be high but only a small portion of this 
power can leak from the cavity to form a useful output. If, on the other hand, too much 
light is coupled from the cavity, the overall cavity losses will exceed the available gain and 
laser threshold will not be reached. Between these too extremes exists an amount of output 
coupling for which the power extracted from the laser is a maximum.
In an attempt to determine the optimum output coupling for the diode pumped 
NdiYAG laser, the laser output power was recorded as a function of pump power for a 
selection of cavity end mirrors of differing reflectivities. This data, plotted in figure 3.6, 
indicated an optimum output coupling of around 1%. However, this method for 
determining the optimum output coupling was rather unsatisfactory since the laser output 
power could only be determined for a few discrete values of mirror reflectivity and the 
laser had to be realigned for each sepaiate end minor. A true comparison of the output
a 20 o T.O.,75mm,T=1.5% - L.O., 50mm, T=l%
A T.O., 50mm, T=l%
•  L.O., 100mm, T=3% 
o L.O., 50mm, T=5%
T
40 60 80 100
Input Power (mW)
Figure 3.6. Optical to optical slope efficiency data from the NdiYAG 
holosteric laser for a variety of output coupler mirrors. L.O. - Laser Optik, 
T.O. - Tech. Optics.
49
Chapters
power data for the different mirrors used was also not possible because of the 
inconsistencies in the mirror radii of curvature. The different mirror curvatures gave rise to 
different spot sizes within the NdiYAG rod which in turn influenced the power output 
from the laser.
To obtain more detailed information on the effect of output coupling on laser output 
power for this system, some form of continuously variable output coupler was required. 
To achieve this, the end cavity mirror was replaced by a 1 0 0 mm radius of curvature, high 
reflectivity (>99.9%) mirror and a 2 mm thick fused silica glass plate was inserted into the 
cavity at close to Brewster's angle to act as the output coupler^. The insertion of this glass 
plate constiained the laser to oscillate on one linear polarisation. By rotating the glass plate 
around Brewster's angle, the Fresnel reflectivity of the surface of the glass plate could be 
varied from zero to a few percent for that polarisation state.
IÎ
® Experimental Data 
♦ Data from Eq. (3.2)
1 2 3 4 5
Total Output Coupling(%)
Figure 3.7 Laser output power as a function of output coupling.
In figure 3.7 the total output power from the laser (measured from both sides of the 
intracavity plate and through the cavity end mirror) has been plotted as a function of the 
total percentage of output coupling (i.e.. reflectivity of intracavity plate plus cavity end 
mirror transmission). From this graph it can be seen that the maximum laser output power 
was achieved for an output coupling of (0 .8 ±0 .2 )%. The data on this graph also gives an 
indication of the parasitic losses within the laser cavity by making use of the expression*^
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^  Pqpt^ ■ (3 . 1 )
Pmax - ^Popt
where pp = parasitic loss
Popt = optimum output coupling ((0 .8±0 .2 )% in this case)
Pmax = output coupling at which lasing ceases. (4.0 ± 0 .1 % in this case)
Equation (3.1) gives a value of 0.27% for the parasitic losses in this holosteric NdiYAG 
laser.
The laser output power as a function of output coupling anticipated by theory is given
by"^
lout — Poc Pp +  P m a x   ^. Pp + Poc ^  (3.2)
where poc = output coupling
Isat = saturation intensity.
Using the experimentally derived values for pp, Popt and pmax in the above equation the 
predicted behaviour of the laser output power as a function of output coupling was plotted 
together with the experimental data in figure 3.7. Although the form of the experimental 
and theoretical data plotted on this graph can be seen to be in good agreement, the value of 
Isat required to achieve this fit is 4.7kWcm"2 which is somewhat larger than the accepted 
value of around IkWcm'^- (See for instance reference^).
In order to rule out inconsistencies in the Fresnel reflectivity values as a possible 
source of error in this measured value for Isat» the ratio of the power coupled out of the 
laser cavity by the high reflectivity output coupler together with the calculated values of 
Fresnel reflectivity were used to determine the output power transmission of the output 
coupler in the following expressioni
51
Chapters
where
Rf It 1-Rf- If (3.3)
T = optical power transmission coefficient of high reflectivity cavity end 
mirror
Rf = Fresnel reflectivity of intracavity glass plate 
It = optical power transmitted through cavity end mirror 
If = optical power reflected from Fresnel plate.
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F igure 3.8. Transmission data for the high reflectivity laser output 
coupler calculated for each value of Fresnel reflectivity of the intiacavity 
plate. The results show good consistency.
The percentage power transmission of the end m inor was plotted against Rf, the 
calculated Fresnel reflectivity of the glass plate as shown on figure 3.8. The mean 
percentage transmission calculated for the high reflectivity cavity end mirror was 0.038%. 
The consistency of the calculated values for this transmission plotted in figure 3.8 indicate 
that the Fresnel reflectivity values calculated for the intracavity glass plate are reliable. As 
might be expected, the greatest deviation from the mean for these value of T occurs when 
the amount of power reflected out of the cavity by the glass plate is very small i.e. when 
the glass plate is near Brewster's angle or at angle which gives the maximum tolerable 
reflectivity for which lasing can be sustained. At these two extremes, the fractional error in 
measuring the small amounts of power coupled from the cavity becomes significant.
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3.6 Transverse Mode Quality
The excellent spatial overlap of the pump mode volume and the lasing mode in the 
NdiYAG gain medium possible in the end pumped laser geometry allows selective 
excitation of the TEMqo cavity mode. Thus the laser can be made to oscillate on the 
fundamental transverse cavity mode without the need for insertion of lossy intracavity 
transverse mode defining elements.
To test the purity of the transverse mode output from the holosteric laser, the 
transverse intensity profile of the laser beam was measured. Light intensity measurements 
were recorded using an apeitured (lOOjim diameter pinhole) silicon photodiode as it was 
scanned across the beam on a precision micrometer translation stage. A typical beam 
profile from such an experiment is illustiated in figure 3.9. The experimental data shows 
an excellent fit to a Gaussian curve also plotted in this figure indicating that the laser was 
operating on a single tiansverse TEMqo mode.
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F igure 3.9. Transverse mode profile of the NdiYAG laser output 
showing TEM qo operation.
As a further check on the transverse mode quality of the laser output, the beam 
divergence was measured and compared with the theoretically predicted divergence of the 
TEM qo mode computed from the geometry of the laser cavity. Figure 3.10 shows 
experimental values of the laser beam radius (the distance from the centre of the beam to
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the position where the beam intensity has fallen to l/e^ of the peak value) recorded at 
various distances from the laser output mirror. The resonator parameters for this NdiYAG 
laser were measured to be; NdiYAG crystal length = 5mm, intracavity air 
space = 42mm, cavity end mirror radius of curvature = 50mm.
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Figure 3.10. Comparison of the experimentally observed divergence of 
the holosteric laser output beam with that predicted by theory.
From these parameters, the expected propagation of the TEMqo mode was calculated 
using conventional Gaussian beam optics theory. See figure 3.10. It is worth noting that 
the concave/plano glass substrate of the laser output coupler mirror acted as a diverging 
lens and this effect had to be included in the calculation. From figure 3.10 the good match 
between the experimental beam divergence data and the predicted values further indicate 
that the laser was operating on the fundamental TEMqq cavity mode.
3.7 Output Spectrum of the Nd:YAG Holosteric 
Laser
The Fabry-Perot type, standing wave resonator used for the end-pumped holosteric 
laser exhibits resonances at regularly spaced frequency intervals AVfsr- AVfsr is termed the 
free spectral range of the cavity and has the value
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AVfsr = 2L (3.4)
where c = speed of light in vacuum
L = optical path length of laser cavity.
Why and how many of these cavity resonances or longitudinal modes oscillate in the laser 
is determined by the nature of the laser gain medium and the exact geometry of the laser. 
This topic will be discussed in more detail in Chapter 4.
The frequency spacing, Avfsr, of the end-pumped NdiYAG holosteric laser, with its 
approximately 50mm long cavity, was around 3GHz. In terms of wavelength, this 
frequency interval corresponds to a wavelength separation of A^ «  11.3pm, somewhat 
below the resolution limit of conventional prism or diffraction grating monochromators. 
The resolution necessary to observe individual longitudinal modes of the laser can be 
achieved using a scanning, plane-parallel Fabry-Perot interferometer and so such a device 
was constructed to enable investigation of the longitudinal mode structure of the laser.
The Fabry-Perot interferometer was constructed from two plane mirrors, both coated 
to give 3% optical power transmission. The rear surface of each mirror substrate was 
antireflection coated to reduce spurious etaloning effects within the substrate. One miiTor 
was mounted on standard, commercial micrometer mounts allowing translation of the 
mirror along the optical axis of the interferometer and also angular adjustment in two 
perpendicular planes. The second mirror was mounted on a piezo electric transducer 
(Photon Control model ASM 18). This transducer had three independently controllable 
channels allowing fine angular adjustment of the miiTor.
A small area (Imm ^) silicon photodiode placed on the output side of the Fabry-Perot 
interferometer was used to monitor the intensity of the central Fabry-Perot fringe as the 
interferometer was scanned through several free spectral ranges. The photodiode signal, 
after suitable amplification, was displayed on a Hammeg 208 digital storage oscilloscope
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scanned synchi'onously with the ramp voltage driving the Fabry-Perot piezo transducer. In 
this way, a static display of the transmission through the scanning Fabry-Perot 
interferometer could be obtained on the oscilloscope, digitally stored and subsequently 
down loaded to an XY chart recorder for analysis.
20GHz
\
F igure 3.11. The output frequency spectrum of the holosteric laser- 
displayed on a scanning Fabry-Perot interferometer. The closely spaced 
modes at A are adjacent longitudinal modes separated by 2.34GHz.
Using this interferometer system, the output spectrum of the laser was recorded. See 
figure 3.11. This figure displays approximately three free spectral ranges of the scanning 
Fabry-Perot interferometer transmission and clearly shows the laser operating on 6  
longitudinal modes. The two very closely spaced modes (marked A) visible in the centre 
of each mode spectrum are separated in frequency by 2.34GHz and correspond to two 
adjacent longitudinal modes of the laser cavity. The more widely spaced modes in figure
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3.11 aie sepai’ated by around 6  or 7 free specti'al ranges of the laser cavity as a result of 
spatial hole burning in the laser gain medium (see section 4.2.2), In figure 3.11 it is just 
discernible that the gi’oup of modes displayed in each fi*ee spectral range become closer 
together for increasing voltage applied to the interferometer piezo transducer. This 
indicates that the movement of the scanning muTor was some nonlineai* function of the 
applied voltage.
The physical separation, Ax, between equivalent peaks from adjacent free spectral 
range orders of the Fabry-Perot interferometer were measured from figure 3.11 and 
plotted against the mean displacement, x, of each pair of modes from the origin, x = 0. In 
this case, the origin was ai'bitraiily defined as the left-most peak on figure 3.11. Values
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Figure 3.12. Linearisation calibration for the scanning Fabry-Perot 
interferometer.
of Ax were plotted against x (see figure 3.12) and a regression analysis applied to 
determine the form of the best fit curve. For this data a good fit was obtained with the 
suaight line function
Ax = a+bx (3.5)
where a = 68.324 
b = -0.134
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Frequency spacings, 5v, of modes on figure 3.11 physically separated by a distance 6 x 
could then be calculated using
— _ ^^fsr __ Avfsr 
8 x “  Ax ■■ a + b i (3.6)
The c/2L free spectral range, Avfsr, of the Fabry-Perot interferometer was evaluated by 
measuring the mirror separation, L, using a travelling microscope.
3.8 Optical to Optical Slope Efficiency
The 1064nm laser output power was measured as a function of the input optical pump 
power from the fibre coupled laser diode array. The NdiYAG laser emission was passed 
through a "black glass" filter (Schott glass RGIOOO) to remove any background pump 
radiation before being measured using a calibrated photodiode optical power meter 
(Newport). CoiTesponding values for the optical pump power supplied to the NdiYAG 
laser were recorded from the calibrated readout on the diode laser driver.
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Figure 3,13 Output power at 1064nm plotted against input pump power 
at 809nm for the NdiYAG holosteric laser showing an optical to optical 
slope efficiency of 39%.
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As described in section 2.5.4 the emission wavelength from the diode laser array was 
dependent on its output power. So to obtain a true slope efficiency measurement it was 
necessary to compensate for this wavelength shift by adjusting the diode laser array heat 
sink temperature to maximise the NdiYAG laser output at each level of pump power. The 
optical to optical slope efficiency data displayed in figure 3.13 was for a 5mm long, 1% 
doped NdiYAG rod fabricated at GEC Hirst Research Centre and coated by Laser Optik 
(Germany). The output coupler used for the laser had a 75mm radius of curvature and an 
optical power reflectivity of 98.5%. From figure 3.13 the NdiYAG laser threshold was 
24mW and its slope efficiency was 39%.
3.9 Rate Equation Model of the 1064nm Nd:YAG 
Laser
To assess the performance of the cw, end pumped NdiYAG holosteric laser and to 
gain insight into its operation, a rate equation based model of the laser was developed. In 
contrast to previously published models of end pumped, cw solid state laser^»^ the 
converging/diverging profile of the focused pump beam has been taken into consideration.
The salient features of the NdiYAG energy levels are illustrated in figure 3.14
pump bands
lower laser level
'3/2
^F11/2
pump
spontaneous transition 
thermalisation 
laser transition 
radiationless transition
ground state. No
F igure 3.14. Energy level diagram for the four level 1064nm NdiYAG 
laser.
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From the well documented data on ti ansition rates between participating energy levels of 
the 1064nm NdiYAG laser the following assumptions can be safely made;
a) since the fluorescence quantum efficiency of the ^F3 /2  upper laser level is greater than 
99.5% the approximation can be made that all ions optically pumped into the pump 
bands relax into the metastable ^Fg/2  upper laser multiplet. This nonradiative relaxation 
process is rapid taking times of the order of ~10’^s.(See reference 8 ),
b) the relative population densities N r i  and N r2  of the two sublevels of the ^F3 /2  band 
remains constant due to rapid thermally induced transitions between the two sublevels. 
The fraction f2  of the total ^F3 /2  population density residing in the upper sublevel is 
calculated from the Boltzmann distribution law to be 40%^ at room temperature. The 
population density of this sublevel can be expressed as
N r 2  = f2 (NRi+NR2 ) (3.7)
c) Nd^+ ion lifetimes in the ^ In /2  lower laser level are very short, typically < lO'^s, and 
so the population density in the level is assumed to be insignificant.
3.9.1 Rate Equation Analysis
The dynamic behaviour of the population densities in the various energy levels of the 
system under the influence of optical pumping can be described by the following three rate 
equations;
^ = . r  + N R 2 +  N r 2  (3.8)
hVL
^  = R -  -• N r2  - K2 iN r 2  + K i2 N r i  (3.9)^ N r 2 _ d  N r2 2*lLas T hVL
^ ^ = - ^ + K 2 iN r 2 - K i 2 N ri (3.10)
where R = pump rate (excitations per unit volume per second)
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X -  spontaneous emission lifetime
I I  = irradiance of intracavity circulating laser light assumed equal in both 
directions
<Js = stimulated emission cross-section
Kij = thermalisation coefficients for transitions between the levels R i and
R2
The factor of 2* in the stimulated emission terms of equations (3.8) and (3.9) accounts for 
depletion of the upper laser level population by the two counter-propagating waves present 
in the linear laser cavity. The pumping rate R need only appear in one of equations (3.9) 
or (3.10) because of the rapid redistribution of population densities within the upper laser 
manifold to their thermal equilibrium values.
Under steady state conditions the populations of the various levels remains constant 
and so setting d/dt=0, equations (3.9) and (3.10) can be combined to form an expression 
for the steady state or saturated population inversion
N r2  = --------------------------------------------------------------------------------------- (3.11)
^  ^ 2^ 0 sTIl
hVL
Now, under optical pumping by a spectrally narrow source such as a diode laser, each 
pump photon absorbed by the laser active ions will induce a transition of an ion in the 
ground state to an excited state in the pump band. In the case of diode laser pumping at 
around 809nm, this pump band is formed from the and the ^Hg/zlevels. From this 
pump band tlie ion de-excites rapidly until it reaches the metastable upper laser level. Thus 
every absorbed pump photon contributes an excited ion to the upper laser level. The pump 
rate R is the number of such excitations per unit volume per second and so can be written
R = (3.12)hVp ^
where Ip = pump light intensity
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Vp = pump light frequency 
h = Planck's constant
But the axial decay in the pump intensity dip/dz can be expressed in terms of more readily 
measurable quantities
dip = IpOANodz (3.13)
where = absorption cross-section
No = ground state population density
Since, from the initial assumptions, all the laser active ions will reside only in the
ground state and the ^p3 /2  doublet excited state for any appreciable length of time, the total
Nd ion. dopant density, Nt , is
N t  = No + N ri + N r2  (3.14)
Thus equation (3.13) becomes
^  = Ip<ta(Nt - N ri - N r2 ) (3.15)
Returning now to the expression for the population inversion (3.11) and substituting for 
the pump rate R using (3.12) and (3.15) the steady state population inversion can be 
written
N r2  = — ---------- ^ --------------  (3.16)
f z l p W  IpVLCTA ^
Recall that the ultimate goal of this model is to predict laser output powers under 
various conditions of pumping, parasitic losses, output coupling, etc. In the above 
equation the values of all the elements are known with the exception of N r 2  and the 
desired quantity 1l , the steady state intracavity intensity. In order to arrive at a value for 1l  
a final piece of fundamental laser physics is brought into play. That is, under steady state.
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cw, lasing conditions the round trip gain must equal the round trip losses. Equivalently, 
the single pass gain (y) and loss (Ô) coefficients must be equal. From the well known laser 
gain equation
^  = Nr2(TsIl = 7Il (3.17)
the single pass saturated gain coefficient y can be calculated from the integral
Y = jNR2 (Tsdz (3.18)
evaluated over the length of the laser rod. (Note that the fractional single pass gain G=eT 
Equating this to the single pass loss coefficient 8
5 = 1^11+ l o g e g j ^ j  (3.19)
where r\ = round trip loss coefficient = e
Pp = fractional parasitic loss 
Rlt Ra = power reflectivities of the cavity end mirrors
gives
|NR2Cfsdz = 5 (3.20)
If N r2  is substituted from (3.16), the intracavity intensity I I  is the only unknown in the 
equation. To evaluate I I  an iterative process is adopted. Using an estimated initial value 
for I I  the integral in (3.20) is solved numerically and the resulting single pass gain 
coefficient, y, compared with the loss coefficient 8 . The value of I I  is then modified and 
the integration process is performed again. This continues until, after several iterations, y 
equals 8 .
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3.9.2 Numerical Evaluation of Integrated Single Pass Saturated 
Gain
The computation of the saturated gain y, integrated along the length of the gain 
medium (equation 3.18) was performed by dividing the length of the rod into a large 
number of elemental slices and calculating y for each slice consecutively. To enhance the 
realism of the model the nonuniform intensity profiles of both the laser beam and the 
pump beam were considered by further subdividing each disc-like slice of the laser rod 
into a series of concentric annuli as shown in figure 3.15.
NdiYAG ciystal
Elementary annulus 
of radius r, width dr 
and thickness dz.
F igure 3.15, Sectioning the NdiYAG rod for numerical integration.
The transverse intensity profile of the laser beam was taken to be a TEMqo Gaussian 
mode. From Gaussian beam propagation calculations the divergence of the laser beam 
over the typical 5mm length of the gain medium is negligible and so for the purposes of 
the computer model the laser beam radius was assumed to be constant. In the case of the 
pump beam the intensity profile was approximated by either a cylindrically symmetric top
K z
Figure 3.16. Focusing geometry of the pump beam along the rod.
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hat or triangular profile. Focusing of the pump beam was accounted for by specifying a 
minimum pump beam radius, Wpo, at a position d within the rod together with a 
divergence angle, a  as shown in figure 3.16. The pump beam radius, Wp(z), at any 
position along the laser rod is thus given by
Wp = Wpo + Iz-dl tan(a) (3.21)
Starting with an estimated value for the intracavity laser beam intensity, I I ,  the 
intensity of the laser and pump beams are calculated in each annulus of the first disc-like 
section of the rod. These intensity values are converted into powers and summed over all 
the annuli making up that slice to give total laser beam and pump beam powers exiting that 
slice. These optical powers are then redistributed over the Gaussian and top hat (or 
triangular) beam profiles of appropriate radius for the laser and pump beams respectively 
entering the next slice. This assumption that the laser and pump beams maintain their 
spatial profiles along the rod can, at least in the case of the laser beam, be justified. In this 
case cavity diffraction losses help to maintain the Gaussian beam profile over many round 
trips of the cavity.
After integrating over the entire volum e o f  the laser rod in this manner, the total power 
o f  the laser beam, PLmax(final), exiting the rod is compared with that entering the rod, 
PLmax(initial), in order to calculate the gain coefficient, y, for a single pass o f  the laser 
rod.
^  \  PLmax(rinal) - PLmax(illriial) f'X oo\
PLm ax(m itial)
This computed value for single pass gain is compared with the known value for single 
pass cavity loss. If these values differ then the initial intensity of the saturating laser beam 
entering the rod is altered appropriately and the integration process repeated. After a 
number of such iterations a value for the steady state intracavity intensity is found which 
saturates the gain down to equal the cavity losses. The laser output power can then finally 
be calculated from
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Pout — (I-R2 ) PLmax(fiil^) (3.23)
where R2  = power reflectivity of the laser output coupler.
3.9.3 Results
Results from this model of the end-pumped, NdiYAG holosteric laser were generated 
using FORTRAN computer code written by A. Wray^. The laser parameters used in the 
calculations are summarised in table 3.1.
TABLE 3.1
maximum pump power lOOmW
pump beam divergence in laser rod
pump beam waist 70pm
pump beam waist position in laser rod 700pm (from plane end)
NdiYAG laser beam waist 90pm
laser rod length 5 mm
laser rod refractive index 1.82
pump power transmission through dichroic coating 84%
i064nm power reflectivity of output coupler 98.5%
parasitic cavity losses 0.3%
Nd atom concentration in laser rod 1.4 X lO^^atoms cm"^
NdiYAG absorption cross-section at 809nm 5.4 X lO'^O cm^
NdiYAG stimulated emission cross-section at 1064nm 8.1 X 10“^^ cm2
upper laser level lifetime 230ps
Figure 3.17(a) shows the optical to optical slope efficiency data predicted by the 
computer model using both top-hat and triangular pump beam profiles. Overlaid on this 
graph are experimental slope efficiency data from the bread-boarded Nd:YAG holosteric 
laser showing excellent correlation between measured and modelled results.
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The model has also proved useful for examining the effects of gain medium length on 
laser output power. Under full pump power conditions the laser output power was 
calculated as a function of NdiYAG length. See figure 3.17(b). This data indicates that the 
laser rod length could be reduced to 3mm without significant loss in output power but also 
that no major penalty is paid in terms of reabsorption loss by the longer 5mm rods 
cuiTently used. From the point of view of single longitudinal mode operation from the 
NdiYAG holosteric laser it is also worth noting from this graph that reasonable output 
powers (~*15mW) may be obtained from very short monolithic NdiYAG rod cavities 
around 1mm or less in length.
Optical to Optical Slope Efficiency
20 40 60 80 100
Pump Power (mW)
^ Triangulai’ pump beam 
°  Top hat pump beam 
Experimental Data
(a)
Output Power Vs. NdiYAG Rod Length
II
(b)
1 2 3 4 5
NdiYAG Rod Length (mm)
® 0.7 mm focus depth 
•  0 .1  mm focus depth
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Output Power Vs. Output Coupling
°  Output Power (mW) 
•  Exp. O/P Power
0 4 6  8  10Output Coupling (%) 12
(c)
F igure 3.17. Results from the computer model of the end-pumped, 
1064nm NdiYAG holosteric laser
To check the optimum output coupling for the laser the model was used to calculate the 
output power as a function of output coupling as shown in figure 3.17(c). The 
experimental data from section 3.5, also shown on this graph, has the same functional 
form as that predicted by the model but with much reduced output powers. The 
discrepancy between the data from modelling and those from the experiments in this case 
results from the particular laser configuration required by the experiment. As described in 
section 3.5 the laser used in the output power versus output coupling experiment 
contained a variable angle, intiacavity glass plate as the output coupler. The inclusion of 
this intracavity plate degraded the performance of the laser somewhat by increasing 
parasitic losses through absorption scattering and polarisation discrimination effects. 
Consequently even the slope efficiency of this laser would also have disagreed with the 
computer model. Despite these differences the optimum output coupling of 1.5% predicted 
by the model is not substantially different from the experimental data.
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LONGITUDINAL MODE SELECTION 
4.1 Introduction.
The Spectral output from most laser sources, although narrow, is far from being 
monochromatic. Instead, lasers tend to operate on several closely spaced, discrete 
frequencies simultaneously. In order to progress towards the production of a single 
frequency laser system, the mechanisms responsible for this more common 
multifrequency behaviour of lasers must be addressed to enable frequency selection 
methods to be found. In this chapter these issues will be briefly reviewed together with a 
detailed discussion of the design and implementation of the single frequency holosteric 
NdiYAG lasers.
4.2 Line Broadening and Mode Competition 
Effects.
There are two main factors which determine the multifrequency nature of a laser's 
output. These aie;
1 ) the broadening process determining the spectral lineshape function of the gain 
medium and whether the optical gain profile of the lasing material is 
homogeneously or inhomogeneously broadened,
2 ) the geometry of the laser resonator.
In principle, the laser gain medium is capable of sustaining oscillations at any optical 
frequency within its gain profile for which optical gain exceeds the losses in the feedback 
system. The feedback required for oscillation is often provided by an optical cavity 
enclosing the gain medium. Such cavities exhibit strong, low-loss resonances, called
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longitudinal modes, at regularly spaced, discrete frequencies determined by the geometry 
of the resonator. The frequency spacing between consecutive longitudinal cavity modes is 
known as the cavity free spectral range, Avfsr and has the value
AVfsr = c/P (4.1)
where P is the round trip optical path length of the cavity. For optical cavities of a practical 
size the frequency spacing of these longitudinal modes is often much smaller than the 
overall gain bandwidth supported by the laser medium. Thus many low-loss optical 
modes of the cavity exist within the laser gain bandwidth, all having the potential to 
oscillate. The number of these modes that actually reach oscillation threshold is determined 
by how strongly they compete for the available gain.
4.2.1 Inhomogeneously Broadened Gain Profiles.
In certain types of laser gain media, line shape broadening processes are present which 
modify the emitted optical transition frequency of each laser active centre within the laser 
material by different degrees. The overall effect of this collection of individually shifted 
transition frequencies is to broaden the total gain profile of the laser transition. The laser 
transitions of such materials are said to be inhomogeneously broadened.
Optical radiation passing through an inverted, inhomogeneously broadened gain 
medium will interact only with those laser active centres having resonance frequencies 
close to, or coinciding with, the frequency of the incident radiation. The spectral 
distribution of optical gain will thus become depleted in the vicinity of the frequency of the 
optical field, forming a depression or "hole" in the laser gain profile. The remaining laser 
active centres take no part in this interaction and so their available gain remains unused. 
This process of spectrally selective gain saturation is referred to as spectral hole burning. 
This process enables lasers having inhomogeneously broadened gain profiles to oscillate 
on several longitudinal modes, each mode receiving gain from its own spectral group or 
ensemble of inverted laser active centres.
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4.2.2 Homogeneously Broadened Gain Profiles.
In laser materials exhibiting an ideal homogeneously broadened gain profile all the 
laser active centres in the material will posses identical absorption and emission 
characteristics. Thus, from a simplistic view point, the presence of an electromagnetic 
field oscillating at just one optical frequency within the laser cavity wül interact with all the 
laser active centres resulting in complete saturation across the bandwidth of the available 
optical gain. Due to the removal of all the available gain by the oscillating mode, other 
potential modes will be suppressed and the laser will oscillate only on one frequency. In 
practice, however, this is rarely found to be the case and so most real homogeneously 
broadened laser systems oscillate on more than one frequency. The reason for this 
multifrequency output from homogeneously broadened laser ti*ansitions is spatial hole 
burning and will be explored in the following section.
Spatial Hole Burning.
As discussed in the previous section, lasers with homogeneously broadened active 
media should, in theory, oscillate on a single axial mode of the resonant cavity. The 
reason that this is often not found in practice is due to the presence of a spatial modulation 
of the laser gain known as spatial hole burning.
A commonly used laser resonator configuration is the Fabry-Perot interferometer. In 
such cavities the superposition of two counter-propagating optical fields of equal 
frequency produces a standing wave field distribution within the resonator. Along the 
resonator's optical axis, this standing wave displays periodically spaced regions of zero 
field amplitude (nodes) separated by regions where the field is a maximum (antinodes). 
Consecutive nodes in this spatially modulated field are separated by a distance 
corresponding to one half of the optical wavelength. If such a standing wave optical field 
exists within a pumped laser active material it causes the population inversion to be
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preferentially depleted in the regions of largest field amplitude through stimulated emission 
processes. In the nodal planes of the standing wave, however, there is no optical field to 
interact with the population inversion and so the optical gain in these regions remains 
intact. In this way, the population inversion and hence the laser gain becomes spatially 
modulated with maximum population inversion at the nodal planes of the optical field and 
minima at the field antinodes. See figure 4.1
mode q mode q+1
population inversion
holes burnt by 
q-th mode
F igure 4.1.Spatial hole burning.
A second cavity mode whose standing wave field has antinodes coinciding with the 
regions of unsaturated gain may experience enough gain to oscillate in the cavity. Because 
this secondary resonating mode interacts essentially with a different spatial group of laser 
active centres from the primary mode, there is little or no gain competition between these 
modes and both can oscillate simultaneously. By this process it may be possible for 
several longitudinal modes to oscillate even in a homogeneously broadened laser medium.
In the absence of any other frequency dependent losses in the resonator, the output 
spectrum from the laser suffering spatial hole burning will depend on the length of the 
active medium, its position within the resonator and the strength and uniformity of the 
pumping.
The frequency spacing between simultaneously oscillating spatial hole burning modes 
in a homogeneously broadened laser medium can be estimated using a simple spatial hole 
burning model as follows. Figure 4.2 illustrates the laser geometry being considered.
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I
F igure 4.2 Effect of gain position on spatial hole burning.
The overall optical path length between the cavity end mirrors is given by L. Inside the 
cavity is a region of high optical gain positioned a distance I from the left hand cavity 
mirror. This region of high gain may be caused by the presence of a small piece of 
uniformly pumped active medium or perhaps due to a localised region of strong pumping 
within the laser gain element.
Consider now two spatial hole burning cavity modes with the highest probability for 
oscillation in this cavity. If the axial mode number of these two modes is q i and q% 
respectively then the wavelengths of each mode will be
^ 1  = ^  (4.2)
^ 2  = ^  (4.3)
For these two modes to be able to oscillate simultaneously the field of one standing 
wave must exploit the regions of undepleted gain left by the other standing wave field. To 
achieve this, the two oscillating modes must be Td2 radians out of phase by the time they 
reach the gain region at I so that an antinode of one standing wave coincides with the node 
of the other standing wave.
The boundary conditions of the resonant cavity dictate that the field of each cavity 
mode has a node at the cavity end mirrors. So, taking the initial phase of each of the two
oscillating modes to be zero at the left hand mirror, the phase, (j), of each wave at point I
in the cavity will be
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$ 1 = ^  (4.4)
4*2 = ^  (4.5)A2
As stated above the phase difference, A({), between these two waves must be n/2 in the 
gain region. So
î£A4* = 4>2-01 = — (4.6)
From 4.4 and 4.5 this becomes 
^ 1 - ^ 2  1
'k\k2 41
(4.7)
Substituting for and À2 , equation 4.7 gives
q2 - q i  = | ]  (4.8)
the axial mode spacing of the spatial hole burning modes. Since adjacent cavity modes are 
separated in frequency by the cavity free spectral range, AVfsr> equation 4.8 can be re- 
expressed as a frequency difference, Avspatiai hole burning
^Vspatial hole burning ~  AVfsr X (q2  -qi)
C
“  41 0L9)
From equation 4.9 it can be seen that positioning the gain at the centre of the cavity 
(i.e. I =L/2) means that adjacent spatial hole burning modes correspond to adjacent axial 
modes of the cavity, separated in frequency by the cavity free spectral range, 
AVfsr=c/2L.This is the situation illustrated in figure 4.1, However, in the case of an end 
pumped holosteric laser, the gain medium is often situated at one end of the cavity so 
adjacent spatial hole burning modes will in general be several axial modes apart. Also in
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the end pumped holosteric laser system tlie optical pumping of the laser rod tends to be 
nonuniform with a region of higher gain existing in the focus of the pump beam. The 
spatial hole burning mode spacing will therefore be dependent on the pump beam focus 
position.
4.3 Mode Selection by Manipulation of Laser 
Parameters
4.3.1 Short Cavities
Single longitudinal mode operation of a standing wave laser can be achieved by 
shortening the cavity length, L, to the point where the c/2L longitudinal mode spacing 
exceeds the oscillation bandwidthL2 ,3 ,4  ^ This ensures that only one cavity resonance 
exists within the laser gain bandwidth at any one time. The drawback with this system is 
that the physical constraint placed on the cavity length for single frequency operation 
restricts the length of the gain medium which can fit within the cavity. This will ultimately 
limit the maximum power available from the laser. The restricted cavity length may also 
exclude the use of other intracavity elements such as polarisers or nonlinear crystals.
4.3.2 Laser Operation Close To Threshold
Alternatively, single mode operation can be obtained by operating the laser just above 
oscillation threshold. Provided the laser gain curve is not too broad and/or the longitudinal 
mode spacing is not too small, most lasers can be made to operate on a single mode by 
reducing the gain (or increasing the cavity losses) until only one longitudinal mode 
remains within the reduced oscillation bandwidth envelope^»®. Again this technique 
produces single mode laser output at the expense of greatly reduced output power. Also 
because the lasing mode is only just above threshold the output power can be unstable.
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4.4 Interferometric Mode Selectors.
In this class of mode selection, single mode operation of the laser is accomplished by 
using some additional interferometiic device which gives strong frequency dependent loss 
either outside or inside the laser cavity. This group of mode selectors can loosely be 
subdivided into extracavity frequency filters, intracavity frequency filters or resonant 
reflector types.
4.4.1 External Frequency Filters
A simplistic approach to obtaining single frequency output from a laser is to pass its 
multifrequency output through some form of external optical frequency filter. The small 
intermodal frequency separation of the multi-longitudinal mode laser output (typically only 
tens or hundreds of megahertz) prohibits the use of spatially dispersing prism or grating 
filters. A more practical alternative is to use a short Fabry-Perot bandpass filter. The 
requirements for such a filter are
a) the frequency width of the filter pass band must be less than the laser mode 
spacing so that only one mode is tiansmitted by the filter.
b) the free spectral range of the filtering cavity must be greater than the frequency 
span over which the laser shows net optical gain. This ensures that only one 
filter pass band exists within the oscillating bandwidth of the laser.
c) the filter should have zero intensity transmission between consecutive resonance 
orders of the Fabry-Perot filter.
The first of these requirements is primarily set by the reflectivity of the filter cavity 
mirrors while the second requirement is fulfilled by judicious choice of the mirror 
separation. To satisfy the final requirement of the mode selecting filter, the mirrors must 
be of excellent optical quality to prevent excessive transmission losses caused by 
scattering and absorption. To maintain a Gaussian profile mode on transmission through
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the filter and to avoid spurious filter transmissions due to higher order transverse modes 
of the passive cavity, the TEMqo mode of the laser output must be spatially matched to the 
fundamental transverse mode volume of the filter cavity using appropriate optics. A 
further complication of this method of mode selection is that the laser frequencies not 
transmitted by the filter are reflected back towards the laser. This necessitates insertion of 
an optical diode between the laser and the filter cavity to prevent this optical feedback from 
reaching the laser where it would cause intensity and frequency instabilities.
While this method of choosing a single mode from a multimode laser output spectrum 
has been used successfully^ it is often advantageous to suppress unwanted modes within 
the laser itself. Intracavity mode selection techniques are often found to provide stronger 
suppression of unwanted frequencies in the laser output since they need only provide 
enough intracavity loss to counteract the gain available to the undesired frequencies. Also, 
by allowing only one longitudinal mode to oscillate within the cavity, gain competition is 
eliminated often resulting in more power being funnelled into that single mode compared 
to the power in the same mode under multimode oscillation conditions. An additional 
advantage of preventing multimode laser oscillation is that intensity and frequency 
instabilities in the laser output, due to cross-talk between simultaneously oscillating 
longitudinal modes, are greatly reduced.
4.4.2 Resonant Reflectors
This method of mode selection involves replacing one or more of the laser cavity 
mirrors by a composite mirror containing stacked étalons (coated or uncoated) or 
beamsplitter, mirror combinations. These multielement reflectors form resonant 
interferometric structures, the frequency dependent optical field amplitude and phase 
reflectivity of which can be tailored to give a narrow region of high reflectivity necessary 
to maintain oscillation of the laser on one frequency only. A useful summary of the 
various features and merits of the different stmctures can be found in reference  ^together
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with an extensive range of references concerning theoretical and experimental work on 
these devices.
The main drawback of the resonant reflector technique is its extieme sensitivity to 
disturbances in the local environmental such as mechanical vibrations and fluctuations in 
temperature or pressure. Relative movements, on a subwavelength scale, between 
reflector elements in the cavity will have a major influence on the cavity losses. Thus this 
technique is unattractive for use in lasers requiring high frequency and intensity stability 
but can be a useful form of mode selection and output coupling in high gain, high power 
laser systems because of their high resistance to optical damage.
4.4.3 Intracavity Tilted Etalon
The intracavity tilted étalon is one of the most favoured methods of laser mode control 
because of its relative simplicity, tunability, low insertion loss for the selected mode and 
stability. The étalon itself is simply a plane-parallel Fabry-Perot interferometer formed 
between two air spaced plane reflectors or by reflections between the polished surfaces of 
an optically transparent solid. Tilting the étalon surfaces away from the perpendicular to 
the optic axis of the laser cavity effectively decouples the two resonators, preventing the 
étalon from forming a resonant reflector with the laser cavity minors. See figure 4.3. 
Thus the étalon acts only as a band pass filter within the laser resonator.
Etalon on 
Rotation Mount
Gain Medium
Figure 4.3. Schematic of an étalon mode selector in a laser cavity.
Expressions for the transmission and reflection characteristics of the Fabry-Perot 
étalon are well established . See for instance reference 9. In the absence of any scattering 
or absorption losses within the étalon, these expressions can be written as follows;
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Etalon Transmission Coefficient= ¥  = -------- ^ ------  (4.10)4  1+F sin2(5/2)
Etalon Reflection Coefficient = ^ =  -  (4.11)li 1+F sin2(5/2)
F = Coefficient of Finesse = (1-R)2
R = Power reflectivity of étalon mirrors (both equal in this case)
2 te5 = Phase shift between consecutive round trips of étalon cavity = ~  • 2nd cos0
X = free space wavelength 
n = refractive index of étalon spacer 
d = physical separation of étalon minors
6  = internal angle between the light rays in the étalon and the étalon normal.
For small angles the external angle of incidence is given by O' » nO.
li, It, Ir are the incident, tiansmitted and reflected intensities respectively.
Maxima in the étalon transmission occur when 6/2 = mît ; m is an integer. i.e.
I^ ^ j^ w h e n  2nd c o s ^ j  = m^ (4.12)
I
Thus from equation (4.12) the band pass wavelength, X, can easily be tuned by varying 
the tilt angle O' or by changing the optical thickness of the étalon, nd, by for example 
changing the étalon temperature. In the case of optical thickness tuning, the shift Av in the 
étalon resonance frequency for a change in optical tliickness A(nd) is
Av = v ^  (4.13)
For tilt tuning of the étalon transmission the frequency shift for a given value of external 
tht angle O' is given by
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0'2Av = Vo~2 ~ for small 0* (4.14)
where v© is the étalon resonance frequency for 0=0. Thus from equation (4.14) the 
resonance frequency tuning characteristics of a tilted étalon are independent from the 
étalon thickness.
Losses
For étalons with low reflectivity surfaces (<20% - 30% )^ ® the most significant loss 
mechanism is beam walk-off. Under conditions of normal incidence the reflection 
coefficient for monochromatic light incident on a resonant étalon wül be zero at resonance. 
See equation (4.11). This is because the portion of the incident beam directly reflected 
from the first étalon surface is exactly cancelled, through destructive interference, by the 
multiple reflections from the second surface of the étalon. However, in the case of the 
tilted intracavity étalon, the combination of the small intracavity laser beam diameter and 
the tilt angle of the étalon means that the series of back reflected beams from the étalon 
surfaces no longer overlap completely. Peifect destructive interference of these reflected 
waves cannot occur and so some of the incident power wiU be reflected out of the cavity.
An approximate analytical expression describing this cavity round trip power loss due 
to the tilted étalon has been derived by Leeb^k In this derivation the round trip loss is 
determined by correlating a Gaussian approximation of the beam profile distorted by the 
étalon with the initial Gaussian beam profile. For étalon induced intracavity power losses 
of a few percent or less the round trip power loss. It, is given by
= (4.15)
where w=Gaussian beam radius at the étalon. In most practical circumstances, the tilt 
angle wül be small (0<O.l radian) and so equation 4.15 can be further simplified to
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;e<0.1 radian (4.16)
Equation (4.16) implies that the tilt losses of the étalon can be minimised by keeping the 
tilt angle as small as possible and by locating the intracavity étalon where the beam radius 
is at its largest.
For étalons with higher reflectivity surfaces another loss mechanism becomes 
significant. This is optical power loss due to scattering and absorption in the étalon 
mirrors and can be expressed as^2
lsa = ^  (4.17)
for one round trip of the laser cavity. The power loss factor caused by scattering and 
absorption in the étalon minors is given by A.
Intracavity Etalon Design Criteria^^ds
As with the extracavity Fabry-Perot étalon mode selector discussed earlier, the 
frequency gain bandwidth, AVgam, of the laser sets a lower limit on the free spectral 
range, Avfsr, of the intracavity étalon. To ensure that only one étalon transmission 
maximum lies within the laser gain
Av fsr > AVgain (4.18)
Therefore, the maximum étalon thickness, d, which can be tolerated is
d <   ----- (4.19)2nAVgain
The other design parameter of the étalon which can be optimised is the étalon mirror 
reflectivity. For a fixed optical path length between the étalon mirrors the reflectivity 
determines how quickly the étalon transmission, T, rolls off from its peak value with 
changing frequency. In order that the laser operates only on a single axial mode the étalon
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transmission loss experienced by all the unwanted axial laser modes, away from the étalon 
resonance, must be sufficient to take these modes below oscillation threshold. Expressing 
this mathematically, to suppress the unwanted laser cavity modes the following inequality 
must be satisfied:
T(v)G(v) < 1 (4,20)
where
G(v) = residual single pass gain factor for the secondary axial mode with the highest 
probability for oscillation,
T(v) = étalon transmission for the most likely secondary axial mode.
For small étalon tilt angles (0<O.l radian) the étalon transmission for some optical 
frequency an amount 5v away from the étalon resonance frequency, Vo, can be found 
from equation 4.10 to be
T(Vo + 5v) « ----------    (4.21)
,  r .  ('2jtndôv^
In order to suppress all the unwanted axial modes of the laser equation 4.20 must be 
satisfied, so
( i l?  > «’-‘t s s î î
which defines the minimum required reflectivity of the étalon mirrors. The frequency 
difference, 6 v, between the lasing mode and the second most likely longitudinal mode to 
oscillate will be some integer multiple, q, of the laser cavity free spectral range, c/2L. 
Thus equation 4.22 becomes
(13? > <“•“ >
where L is the optical path length of the laser cavity.
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The two inequalities of equations 4.19 and 4.23 only define boundaries for the étalon 
thickness and reflectivity respectively. To optimise these two parameters the loss 
introduced by the étalon must also be considered. The parameter with the most significant 
influence on the étalon tilt and scatter losses is the étalon mirror power reflectivity, R. As 
the étalon mirror reflectivity increases the étalon induced intracavity losses become larger. 
To minimise these losses then, the lowest possible étalon mirror reflectivity should be 
used. From equation (4.23) this in turn dictates that the étalon thickness, d, is maximised.
4.5 Elimination of Spatial Hole Burning
The mode selection techniques discussed so far work essentially by discarding the 
available optical power in all but one cavity longitudinal mode. For lasers with 
homogeneously broadened gain media, whose multi longitudinal mode operation is 
predominantly due to spatial hole burning, this is a very wasteful method of mode 
selection since there are spatial regions of untapped gain within the laser medium. A more 
efficient approach to single frequency operation of such lasers is to eliminate the spatial 
hole burning so that all the lasers active centres can contribute to the laser output
Various techniques are available to eliminate spatial hole burning and these techniques 
will be described in the following sections.
4.5.1 Relative Motion of Active Medium and the Laser Cavity
Spatial hole burning of the laser active medium in a standing wave resonator can be 
prevented from occurring by physically moving the laser medium and standing wave field 
relative to each other. Danielmeyer et ali4 demonstrated single frequency output from a 
flash lamp pumped Nd:YAG laser by moving the Nd:YAG rod along the axis of the linear 
optical resonator. In their experiment the elliptical pump chamber containing the Nd:YAG 
rod was suspended on an air cushion on an optical rail and moved at a velocity of lOcms"^ 
to obtain up to 1.2W of single frequency laser output. Although capable of high output
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powers, the inherent lack of mechanical stability of such a system makes it unattractive for 
lasers requiring a high degree of intensity and frequency stability.
A more elegant way to implement this method of preventing spatial hole burning is to 
fix both the laser crystal and the optical resonator but move the standing wave optical 
field. The spatial position of the nodes and antinodes of the standing wave optical field can 
be modulated by using an intracavity electro-optic phase modulator to modulate the optical 
path length of the laser cavity. However, to maintain a constant frequency output from the 
laser the overall optical path length of the cavity must remain constant. This requires that a 
second intracavity electro-optic phase modulator is placed at the opposite side of the laser 
crystal and driven in antiphase to the first modulator.
4.5.2 Twisted Mode Cavity
In contrast with the previously described technique for eliminating spatial hole 
burning, the twisted raode^^4 7 ,is,i9 approach has the attraction of being a purely passive 
technique. The twisted mode lasers contains three intracavity polarising elements the 
function of which is to generate a circularly polarised standing wave within the laser 
crystal. This circularly polarised standing wave is the "twisted mode" of the cavity from 
which the technique derives its name. The time averaged intensity of the twisted mode in 
the gain medium turns out to be spatially unifoim along the optic axis of the cavity and so 
no spatial hole burning in the gain medium occurs.
lineal*
polarizer
A/4 wave 
/  plates V
n  (i) («)
2 1
(1) ^  (2) ^ (3)
Figure 4.4 The basic components of a twisted mode laser.
Figure 4.4 shows schematically the various optical elements of a twisted mode laser 
cavity. The cavity contains two quarter wave plates, one at either end of the laser rod. A
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linear polariser, usually in the form of a Brewster's angle plate, is also incorporated at one 
end of the cavity and orientated so that its plane of incidence lies at 45° to the fast axis of 
the neighbouring waveplate. Although the relative angle between the fast axes of the 
quarter wave plates is not critical in the elimination of spatial hole burning in the gain 
medium in practice the plates are usually orientated such that the fast axes are 
perpendicular. As well as being a much simpler system to analyse mathematically, this 
particular geometry tends to make the mechanical alignment of all the intr acavity polarising 
elements easier.
To understand the influence of the various elements of the twisted mode laser on the 
polarisation of the optical field as it propagates round the resonator, consider a plane 
polarised electromagnetic wave commencing from position (1) and travelling initially to 
the right along the positive z-direction. See figure 4.4. The plane of polarisation of the 
wave is defined by the linear polarising element and lies at 45° to the x and y axes. Thus 
the wave can be written in component fonn as
Exi = Eq cos(kz-mt)
Eyi = Eq cos(kz-cot) (4.24)
where k = 2n/X is the propagation constant of the wave and co = 2 îrv is its angular 
frequency. For convenience the x and y coordinate axes have been defined to coincide 
with the axes of the wave plates.
On passing through the first quarter wave plate (i) a relative phase shift of n/2 radians 
is introduced between the x and y components of the E field. So, in region (2)
Ex2 = Eo cos(kz-cot-7t/2)
Ey2  = Eq cos(kz-Cût) (4.25)
which is just a left circular ly polarised travelling wave. The second quarter wave plate, 
with its fast axis perpendicular to that of the first wave plate, compensates for the n!2
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phase shift between the components of the wave and returns the wave to a plane polarised 
state. The plane of polarisation is the same as that in region (1). In region (3) then, the 
wave is described by
Ex3 = Eo cos(kz-Cùt-7t/2)
Ey3 = Eo cos(kz-(0t-E/2 ) (4.26)
After being reflected from the cavity end m inor and experiencing a second passage 
through quarter wave plate (ii) the now counter propagating wave entering the laser rod 
will be
Ex4  = Eq co s {k(2L-z)-cot-7t/2 }
Ey4  = Eq c o s { k(2 L-z)-(0t-7C} (4.27)
where L is the single pass optical path length of the laser cavity. This describes a right 
circularly polarised wave travelling in the negative z-direction through the laser rod. 
Continuing through the cavity the wave traverses wave plate (i) for the second time which 
has the effect of returning the wave to its original plane polarised state. Thus, after one 
cavity round trip the polarisation of the wave is returned to its original state and so for 
frequencies where the overall round trip phase shift is some integer multiple of 2tc, this 
cavity will exhibit resonant behaviour.
From the point of view of eliminating spatial hole bmiiing the important feature to note 
is the form of the x and y components of the optical field in the region between the wave 
plates. Summing the counter propagating components of the wave in this region gives
Ex2  + Ex4  = Ex = 2Eq sin(kL-mt) cos(kL-kz)
Ey2  + Ey4  = Ey = 2Eq sin(kL-cot)-sin(kL-kz) (4.28)
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This can be interpreted as either two orthogonal, linearly polarised standing waves 
oscillating in phase but spatially displaced from each other along the z-axis by À/4 or as a 
circularly polarised standing wave.
The intensity, I, of this circularly polarised standing wave is proportional to the square 
of the magnitude of the electiic field vector represented the components Ex and Ey.
IocE^ + Ey = 4Eosin2(kL-0)t) (4.29)
As can be seen from this equation the intensity of the optical field within the laser rod is 
independent of position along the optic axis, z , and is therefore spatially uniform 
throughout the gain medium. Thus there is no spatial hole burning in the gain and the laser 
will oscillate on a single longitudinal mode of the cavity.
It is worth pointing out that an alternative self-consistent mode can be excited in this 
cavity by rotating the plane of polarisation of the linear polariser by 90°. This mode will 
exhibit the opposite handedness of circular polarisation within the laser rod from the 
previously described case. The intracavity linear polariser thus plays an important role in 
selecting just one of the two possible twisted modes of the cavity. Without the linear 
polaiiser the laser is likely to display instabilities in its output polaiisation and intensity as 
these two modes compete for the available gain.
The above analysis can easily be used to examine the case where the fast axes of the 
two quarter wave plates are aligned. Again the resulting intensity along the axis of the 
laser rod is uniform and so the laser will oscillate on a single cavity mode but the linear 
polarisation states at either end of the laser cavity will be oithogonal.
4.5.3 Ring Cavity
An alternative approach in tlie elimination of spatial hole burning is to prevent standing 
waves from occurring by physically separating the two counter-propagating waves. This 
can be done by replacing the conventional linear laser cavity with a ring geometry
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arrangement. The ring laser structure can support pure travelling waves which can run 
independently in one or both of two distinct counter-propagation directions. For a ring 
laser containing a homogeneously broadened gain medium the havelling wave should 
saturate the gain medium uniformly, with no spatial hole burning along the optical axis, 
resulting in bistable unidirectional mode operation. However, unavoidable back scattering 
of radiation from intracavity components can cause cross coupling into the counter­
propagation mode which, together with mode competition effects such as self- and cross­
saturation of the gain, may lead to bidirectional laser oscillation or mode hopping between 
counter-propagating modes.
The desired stable unidirectional laser operation can be enforced by a variety of 
techniques such as back reflections from an external rmrror^^ or the use of an intracavity 
acousto-optic m o d u la to r^ T h e  most common technique used to select unidirectional 
ring oscillation is the inclusion of a nonieciprocal optical isolator inside the ring cavity. 
The optical isolator normally consists of a Faiaday rotator, a half wave plate and a linear* 
polariser. For one propagation direction the polarization rotation caused by the Far aday 
rotator and by the half wave plate cancel resulting in a low loss cavity round trip for the 
linearly polarised mode defined by the polariser. For the opposite dir ection of propagation 
the induced polarization rotations are additive and so the rotated plane polarised mode 
experiences higher loss on passing through the polariser. Many examples of single 
frequency dye and solid state ring lasers utilising this type of unidhectional device can be 
found in the literature23.24^ The technique has also been used successfully on Nd:YAG 
holosteric lasers25.26,27 in these cases the NdiYAG rod itself, which has a small 
Verdet constant, was placed in a magnetic field to provide the Faraday rotation.
A particularly elegant implementation of the intracavity unidirectional device is the 
monolithic NonPlanar Ring Oscillator (NPRO) invented by Kane et al^s and subsequently 
modified by Trutna et al^ .^ In this device all the elements of the intr acavity optical isolator 
are embodied in the monolithic gain medium itself. The ring path is defined by four 
reflectors, three of which are provided by total internal reflection within the gain medium.
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F igure 4.5, (a) a close-up view of the NPRO laser cavity showing the 
ring path taken by the laser beam inside the solid state gain mecfium. 
Surface A is the dielectric coated cui*ved output coupler. This surface also 
acts as a partial polariser. Nonreciprocal polarisation rotation is produced 
within the device by applying a magnetic field, H, to the Faraday active gain 
material whilst reciprocal polarisation rotation occurs from the out-of-plane 
total internal reflections at B, C and D. (Diagram from ref. 28)
(b) A schematic of a diode laser pumped NPRO laser. (Diagram from 
ref. 30)
A concave multilayer dielectric mirror used at oblique incidence acts as a partial polariser 
as well as the fourth cavity reflector. A magnetic field applied to the Faraday active gain 
medium forms the nonreciprocal (direction dependent) rotator whilst the reciprocal 
(direction independent) rotation is generated by the out-of-plane total internal reflections 
in the crystaP^. The dimensions of monolithic device are typically 5x4x2mm. See figure 
4.5. The NPRO laser has proved ideal for diode laser pumping, capable of high output 
power (0.91 W)^^ and excellent free running frequency stability (S-lOkHz)^^’^ '^  and has 
become a successful commercial product^^. Fast piezoelectric frequency tuning has also 
been demonstrated in monolithic^^ and two-piece^*  ^diode pumped NPRO devices as well 
as NPRO operation at other wavelengths (1.319 and 1.338}im)24 and in other materials 
(Nd:GGG)^^. The NPRO design is however, limited to Faraday active laser materials and
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can only be operated in CW or gain switched modes since there is no access to the cavity 
for modulators, Q-switches or nonlinear crystals.
4.6 Experimental Implementation of Etalon Mode 
Selection
Of the wide vaiiety of selection techniques available the intracavity étalon technique 
was one of the most appealing for use in the holosteric Nd:YAG laser because of its 
effectiveness and simplicity.
4.6.1 Optimum Etalon for the Holosteric Laser
Following the design criteria laid down in section 4.4.3, inti*acavity mode selecting 
étalons were designed for a typical end-pumped Nd:YAG holosteric laser. The parameters 
of the laser were as follows;
cavity optical path length, L = 40mm, 
longitudinal mode spacing, Avfsr = 3.75GHz, 
bandwidth supporting laser action, AVgain ^  100 GHz, 
residual single pass gain = 1.25% (i.e. G = 1.0125).
For the étalon to prevent all unwanted longitudinal modes from oscillating it must provide 
at least enough loss to account for the difference between the unsaturated and saturated 
gain for those modes. A value for this residual gain was estimated using the data from the 
optimum output coupling experiment described in section 3.5. Referring to the 
experimental output coupling data in figure 3.7, this residual round trip gain corresponds 
to the difference between the maximum output coupling loss at which lasing just ceases 
(4% in this case) and the output coupling loss under normal lasing conditions (1.5% for 
this laser). Thus the residual round tiip gain is approximately 2.5% giving a single pass 
value of 1.25%. It is worth noting that this will be an over estimate of the actual residual
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gain since in this calculation no account was taken of the frequency dependence of the gain 
curve and also of any hole burning effects which act to slightly reduced the unsaturated 
gain level.
From equation (4.19) the maximum tolerable thickness, d, for a solid fused silica 
étalon of refractive index n = 1.45 was calculated to be d < 1.03mm. Experimental work 
on the multimode holosteric lasers showed that the frequency separation of the lasing 
mode and the next most likely spatial hole burning mode was at least 5 free spectral ranges 
of the laser cavity. For single longitudinal mode operation of the laser the transmission 
losses of the étalon must therefore overwhelm the residual single pass gain for this 
secondary mode 5 cavity modes distant from the lasing mode. The minimum étalon miiTor 
reflectivity, R, required to achieve this was calculated from equation (4.23) with the 
integer q set to 5. In this case the minimum required reflectivity, R, was found to be only 
0.89%. However, to guarantee suppression of all but one of the longitudinal modes the 
étalon transmission losses should exceed the residual single pass gain even for the cavity 
mode adjacent to the lasing mode. Setting q=l in equation (4.23) then gives a required 
étalon reflectivity value R>16.02%.
The Airy functions for a 1.03mm thick fused silica étalon of reflectivity R=0.89% and 
16.02% respectively have been plotted in figine 4.6 over a frequency range spanning the 
gain bandwidth. For comparison, the Airy transmission function for an uncoated fused 
silica étalon (Fresnel reflectivity R=3.4%) has also been shown. The 1.25% loss level 
required to prevent lasing in the holosteric laser has also been indicated on the graph to 
show that these étalons are of the minimum reflectivity required to suppress all modes 
more than 5 and 1 free spectral ranges of the laser cavity from the lasing mode 
respectively.
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Figure 4.6. Transmission functions for the intracavity étalons. The minor 
tick marks on the frequency axis represent the axial modes of the laser 
cavity whilst the major ticks coiTespond to axial modes favoured through 
spatial hole burning. The frequency range spans the lOOGHz gain bandwidth of the laser.
4.6.2 Results from the Nd:YAG Laser with Intracavity Etalon 
Mode Selector
The calculation shown above indicated that if the inherent mode selecting property of 
the spatial hole burning process in the multimode holosteric laser was exploited then a 
solid fused silica étalon of maximum thickness d<1.03mm and with minimum miiTor 
power reflectivity of R>0.89% would be adequate for single mode selection in the laser. 
Since the Fresnel power reflectivity of 3.4% for a fused silica - air interface exceeds this 
minimum reflectivity requirement (see figure 4.6), solid uncoated fused silica étalons were 
chosen for mode control of the holosteric laser.
A variety of étalons ranging in thickness fiom 0.12mm up to 2mm were tried in the 
open cavity of the bread-boaided holosteric laser to assess their effectiveness for 
longitudinal mode selection. Each étalon was mounted in turn on a galvanometer (General 
Scanning Inc.) controlled by a General Scanning Inc. A-102 Driver Amplifier to enable
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fine tilt tuning of the étalon tiansmission frequency. The results for the intracavity étalons 
tried are summarised in table 4.1.
Table 4.1
Etalon
Thickness
Etalon Free
Spectral
Range
Description 
of Etalon
Maximum 
Possible 
Pump Power 
for SLM 
Operation
SLM Laser
Output
Power
Comments
0.12mm 862.1GHz Microscope 
cover slip 
(Chance Propper 
Ltd. No.O)
50mW 4.3mW very difficult to 
get SLM 
operation
0.17mm 608.5GHz Microscope 
cover slip 
(Chance Propper 
Ltd. No.l)
55mW ImW very difficult to 
get SLM 
operation
0.20mm 517.2GHz Fused silica
étalon
(CVI)
80mW 6mW required large 
étalon tilt angle
0.23 mm 449.8GHz Microscope 
cover slip 
(Chance Propper 
Ltd. No.2)
46 mW 4.6mW required large 
étalon tilt angle
0.50mm 206.9GHz Fused silica
étalon
(ICOS)
90mW 12mW reliable SLM 
operation at this 
pump power
1.00mm 103.4GHz Fused silica
étalon
(ICOS)
lOOmW 10 - 15mW reliable SLM 
operation
1,00mm 103.4GHz Microscope
slide
lOOmW ImW low output 
power due to 
poor optical 
quality of the 
glass
2,00mm 51.7GHz Fused silica
étalon
(CVI)
90mW 2.3mW required large 
étalon tilt angle
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These results can easily be understood by referring to figure 4.7 in which the Airy 
function for each étalon have been plotted. The cuives have been plotted over a frequency 
range of lOOGHz corresponding to the lasing bandwidth of the holosteric laser and the 
frequency axis has been calibrated so that each minor division represents an axial mode of 
the laser cavity while each major division represents an axial mode favoured through 
spatial hole burning. Also indicated on this graph is the level of additional single pass loss 
required in the laser to prevent oscillation under full pump power conditions.
For the uncoated étalons less than 1mm thick, the étalon transmission as a function of 
fr equency does not roll off rapidly enough to prevent other spatial hole burning modes
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F igure 4.7 Transmission functions for vaiious uncoated fused silica 
étions.
from reaching oscillation thieshold. Figure 4.8a for instance shows the output spectrum of 
the laser containing the 0.5mm thick intiacavity étalon. This shows the laser oscillating on 
three longitudinal modes where the inteimodal frequency spacing is dictated by spatial 
hole burning but where the frequency range over which oscillation can occur is governed 
by the étalon tr ansmission. As table 4.1 indicates operation could only be achieved with 
intiacavity étalons of thickness less than 1mm if the available laser gain was reduced by 
decreasing the pump power.
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Figure 4.8 Longitudinal mode output from the holosteric laser containing 
(a) a 0.5mm thick, (b) 2mm thick and (c) 1mm thick uncoated fused silica intracavity étalon.
In the case of the uncoated étalons greater than 1mm thick the étalon transmission rolls 
off quickly enough to suppress spatial hole burning modes adjacent to the lasing mode but 
unfortunately rolls back on again within the lasing bandwidth. W ith these thicker 
intracavity étalons the laser again oscillated on more than one longitudinal mode with the 
frequency separation of the lasing modes being determined by the free spectral range of 
the étalon. This is illustrated in figure 4.8b which shows the output spectrum of the 
holosteric laser containing a 2mm thick uncoated fused silica intracavity étalon. The laser 
oscillated on 2 cavity modes (49±3)GHz apart corresponding to the free spectral range of 
the étalon. As predicted by the theoretical analysis and confirmed by the results shown in
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table 4.1, the 1mm étalon gave the best mode selection performance (see figure 4.8(c)) 
with laser output power routinely in excess of lOmW.
4.6.3 Polarisation Splitting
For the purpose of monitoring the single mode output from the holosteric laser a 
50mm, 1.5GHz free spectral range scanning confocal interferometer was constructed as 
illustrated in figure 4.9.
ramp voltage input
10mm 'Oaring
photodiode
piezo ceramic (PZT 5H)50mm curvature
mirrors
F igure 4.9. The 50mm, 1.5GHz free spectral range scanning confocal 
interferometer.
Frequency scanning of the interferometer was accomplished by amplifying the ramp 
voltage signal from an oscilloscope and applying this high voltage ramp signal to the 
piezoceramic tube separating the two interferometer mirrors. The output from the 
photodiode monitoring the transmission of the interferometer was passed through a 
transimpedence amplifier and displayed on the oscilloscope.
Using this interferometer it was occasionally observed that the "single" longitudinal 
mode of the holosteric laser was apparently split into two closely spaced modes. A typical 
scanning confocal interferometer trace illustrating this behaviour is shown in figure 4.10. 
From the interferometer trace the frequency splitting between the two peaks was around
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40MHz, too small to be due to adjacent longitudinal modes or even adjacent transverse 
modes which were separated by some 3.75GHz and 1.3GHz respectively for this cavity. 
To check that the double modes observed on the interferometer were not from overlapping 
orders of the interferometer the beat frequency between the modes was measured using a 
fast silicon avalanche photodiode (Hero Electronics BPW28) with a bandwidth of 3GHz 
and an rf spectrum analyser (Hewlett Packard model 70001A Mainframe). The beat 
frequency observed using this technique was found to range from 37MHz for a laser 
pump power of lOOmW down to 29MHz when the pump power was reduced to 50mW 
thus confirming the original frequency splitting measurement made using the 
interferometer.
F igure 4.10. Polarisation splitting of the holosteric laser longitudinal mode 
spectrum. The main peaks are separated by the interferometer free spectral 
range (1.5GHz). The two closely spaced peaks are only 37MHz apart
Similar frequency splitting of the longitudinal modes in holosteric NdiYAG lasers has 
been reported by other workers^^’^ ® and has been attributed to nondegenerate orthogonal 
linear polarisation modes of the laser cavity due to stress induced birefringence in the 
NdiYAG crystal. This cause was confirmed in the end-pumped holosteric laser by passing 
the laser output through a linear polarising cube. As the polariser was rotated one half of 
the double peak on the scanning confocal interferometer trace was seen to disappear and
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the '-40MHz optical beat signal monitored on the if spectrum analyser decreased by 25dB. 
Rotating the polaiiser thiough 90° selected the other peak on the interferometer trace 
indicating that the two modes were orthogonally polarised.
Some workers have used the stress induced bhefiingence of the NdiYAG crystal to 
define the polarization state of the laser output. They have found that one of the two linear 
polarization states can be selectively excited by aligning the polaiization plane with the 
linearly polarised pump radiation from the diode array. However, in the case of the fibre 
coupled diode laser pump array this method of polarization selection was not possible as 
the pump light emitted from the fibre was unpolaiised. Instead polarization control of the 
NdiYAG laser output was achieved by inserting a fused silica plate, orientated at 
Brewster's angle, into the laser cavity. The Brewster plate was only 0.2mm thick to 
minimise the amount of elliptisity induced in the laser beam profile. When the laser output 
was passed tlirough a linear polarising cube extinction ratios of up to 455il were recorded 
showing that the laser output was strongly linearly polaiised. With the holosteric laser 
operating multi-longitudinal mode insertion of the intracavity Brewster plate reduced the 
laser output power by typically 2mW from its original 15mW level. The addition of the 
longitudinal mode selecting étalon reduced the linearly polarised, single longitudinal mode 
output power of the laser to the 7-lOmW range.
4.6.4 Frequency Tuning
The output frequency of the holosteric laser could be scanned by altering the optical 
path length of the cavity via the piezo mounted output mirror. With the étalon position 
unaltered the single mode laser output could be tuned over approximately 3.75GHz, 
coixesponding to a free spectral range of the cavity, before mode hoping occurred. See 
figure 4.11,
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F igure 4.11. Transmission of the holosteric laser output through a
100mm, Avfsj=750MHz static confocal interferometer showing single mode 
frequency tuning of the laser output over ~3.75GHz.
By scanning the étalon angle in sympathy with the changing cavity length it should be 
possible to extend this single mode tuning range to cover most of the lOOGHz gain 
bandwidth of the laser. The ramp voltage used to scan the laser cavity length can also be 
used to synchronously drive the étalon galvanometer. But, since the transmission 
frequency of the intiacavity étalon changes as the square of its tilt angle (see equation 
4.14) the ramp voltage to the galvanometer must first be passed through a square root 
circuit to give a linear scan of the étalon transmission frequency^i. An alternative method 
for synchi'onously tuning the intracavity étalon is to apply a small modulation to the étalon 
angle and use phase sensitive detection to derive an eiTor signal for servo locking the 
étalon angle to maximise the laser output power^o
4.7 The Diode Laser Pumped Twisted Mode Laser
Although the intracavity étalon mode selector proved successful in generating single 
longitudinal mode operation of the diode pumped Nd:YAG laser, the need to have a 
movable element (the étalon) inside the laser cavity made the system less desirable for use 
in an ultra-frequency-stable laser. The more complex twisted mode technique for mode 
selection, described in section 4.5.2, was an attractive alternative offering the possibility 
of being built into a compact, mechanically stable laser cavity containing no moving 
components. This technique had the added advantage of potentially having a higher
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efficiency by eliminating spatial hole burning in the gain medium. Because of these 
advantages, a second diode pumped laser was constructed incorporating the twisted mode 
system. Details of the design, construction and operation of this laser are described in the 
following sections.
4.7.1 Optical Components
The basic elements of the end pumped, twisted mode, holosteric laser are shown 
schematically in figure 4.12. The pump module, consisting of a lOOmW, fibre coupled 
diode laser aixay and 5mm diameter spherical focusing lens was similar' to that used for the 
end pumped holosteric laser system described in Chapter 3. Since space between the 
pump light focusing optic and the end of the Nd:YAG rod was limited to approximately 
3mm this restricted the choice of the intracavity quar ter wave plates for this twisted mode 
cavity design.
1/4 wave 
Coupling optics platesI . / \
lOOjam core fibre ^
Nd:YAG Brewster 
rod plate
Output coupler 
R=98.5% 
ROC=50mm
Laser output 
@ 1064nm
Diode laser 
array Dichroic Mirror 
HR 1064nm 
HT 809nm
Figure 4.12 The optical components of the twisted mode holosteric laser.
Whilst zero order quarter wave plates would have been the preferred choice in terms of 
retardation stability with temperature, the physical thickness (typically > 2 mm) of 
commercially available zero order plates precluded their use in this design. For this reason 
low order quartz quarter wave plates were used. These plates, supplied by Isle Optics 
(UK), were 10mm x 10mm x ~148jim and exhibited a retardation of 5À/4. The very low
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order of these wave plates meant that the temperature sensitivity of their retardation was 
similar to that of zero order wave plates.
As a further space saving measure, the wave plate at the pump end of the laser cavity 
was coated on one surface with a dielectric coating to form a high reflector mirror for the 
lasing wavelength of 1.064jim and a highly transmitting window for the pump light at 
809nm. With the exception of the Brewster's angle plate, all other intracavity surfaces 
were antireflection coated to reduce intr*acavity losses and reduce laser threshold.
As discussed in section 4.5.2 two orthogonal linear* polarisation states are possible 
within the twisted mode laser cavity. To select just one of these linearly polarised modes a 
1mm thick, 12.5mm diameter fused silica plate set at Brewster’s angle was incorporated in 
the cavity.
A standard Laseroptik 50mm radius of curvature, concave mirror with an optical 
power transmission of 1.5% for light at l,064jim was used as the laser output coupler. 
The rear, plain surface of the BK7 mirror substrate was wedged and antireflection coated 
to prevent spurious étalon effects within the mirror substrate.
4.7.2 Mechanical Design
The conventional orientation of the optical elements used in a twisted mode laser is to 
have the fast axes of the two quarter wave plates rotated by 90° with respect to each other 
and at 45° to the plane of polarisation selected by the Brewster's angle plate. See section 
4.5.2. The square (10mm x 10mm) format of the quarter wave plates with the fast axis of 
the wave plate along the diagonal of the plate suggested a laser cavity design in which the 
orientation of the intr acavity elements was preset. Such a scheme was attractive primarily 
from the point of view of good mechanical stability but had the added advantages of 
compactness and low cost since it eliminated the need for expensive and bulky commercial 
positioning and rotation stages.
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Figure 4.14. An exploded view of the pre-aligned twisted mode laser.
The design for mounting the two quarter wave plates, Nd:YAG rod and the 
Brewster's angle plate is shown in an exploded view in figure 4.14. The metal pieces 
holding these intracavity components were made from brass since this material is easy to 
machine accurately. The quarter wave plates were held in place by compression between 
the metal holders. To prevent damage to the wave plates, the plates were cushioned 
between "washers" cut from thin P.T.F.E. tape. A nylon tipped set screw was used to 
gently clamp the Nd:YAG rod whilst the fused silica plate was bonded to the Brewster's 
angle brass wedge using an acetone soluble adhesive (CRYSTALBOND 509 adhesive - 
Aremco Products Inc. Melting point approx. 120°C).
The output coupler miiTor was mounted on a commercial miiTor mount to facilitate 
alignment of the optical cavity. The mii*ror mount used was a Photon Control 
MICROPOINT 25. This type of mount is caiwed from a solid block of spring steel and 
was chosen for its good mechanical stability. A tubular piezo ceramic element was 
included in the output coupler assembly to provide fine control of the laser cavity length 
and hence laser output fi'equency.
The multimode optical fibre used to pipe the pump light from the diode laser aiTay to 
the laser head, together with the 5mm diameter spherical focusing lens were clamped 
between the two halves of a cylindrical aluminium block. Groves cut along the centre of 
each half of the aluminium cylinder were uses to locate and align the optical fibre and the
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ball lens. See figure 4.13. A rubber "0"-ring was glued ai'ound the ckcumference of this 
cylindrical block at the hght output end to fonii a gimbal bearing about which the angle of 
the pump beam could be pivoted. Finally the pump module, the holder containing the 
wave plates, NdiYAG rod and Brewster plate, and the output coupler were all mounted 
inside an aluminium tube.
Optical fibre from 
diode laser array
o
5mm diameter 
ball lens
oo o
F igure 4.13. An exploded view of the pump module housing the optical 
fibre and focusing lens.
4.7.3 Characterisation of the Twisted Mode Holosteric Laser 
A. O u tpu t Power and Slope Efficiency
When pumped with lOOmW of 809nm light from the fibre coupled diode laser anay 
(Spectra Diode Labs, model SDL-2422-H2) the twisted mode laser generated 7.3mW of 
single longitudinal mode, 1.064pm laser output in a TEMqo beam. The single longitudinal 
mode output power from the NdiYAG laser was recorded as a function of pump power. 
See figure 4.15.
Because the wavelength emission of the diode laser shifted to longer wavelengths with 
increasing output power (see section 2.5.4) the diode laser temperature had to be adjusted 
for each measurement in order to temperature tune the diode laser wavelength back to the 
maximum absorption band in the NdiYAG laser rod. The optical to optical slope efficiency
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of the twisted mode laser was thus measured to be (1 0 ± 0 .2 )% with a threshold of 
(24.4±L5mW). In theory, with the elimination of spatial hole burning in the gain 
medium, the single frequency output power should have been comparable to the multi­
longitudinal mode output power (~30mW for this laser). The relatively low output power 
achieved in practice could be accounted for by the increase in intracavity loss caused by 
the large number of intracavity elements (16 surfaces per cavity round trip) and by residual 
birefringence in the Nd:YAG rod dismpting the desired polarisation state of the lasing 
mode between the two quaiter wave plates.
!
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Figure 4.15 Optical to optical slope efficiency of the twisted mode laser.
B, Spectral Output and Frequency Tuning Performance
The longitudinal mode structure of the diode pumped, twisted mode, NdiYAG laser 
was studied using a 1.5GHz free spectral range scanning confocal interferometer in 
conjunction with a scanning plane-parallel Fabry-Perot interferometer with a free spectral 
range of lOOGHz. The plane-parallel Fabry-Perot interferometer, with its large free 
spectral range, provided an unambiguous display of the laser modes whilst the confocal 
interferometer with its higher resolution was used to check for finer spectral detail.
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Figure 4.16. Scanning plane-parallel Fabry-Perot interferometer trace 
showing single longitudinal mode operation of the twisted mode holosteric laser.
A typical transmission trace from the scanning Fabry-Perot interferometer showing 
single longitudinal mode operation of the twisted mode laser is shown in figure 4.16. The 
laser could maintain this single longitudinal mode output for approximately one hour 
before thermal drifting of the laser cavity length and consequently drifting of the laser 
mode frequency resulted in the single mode operation giving way to laser oscillation on 
two or more longitudinal modes.
To investigate the axial mode behaviour and frequency tuning characteristics of the 
unstabilised twisted mode laser further, the laser cavity length was manually scanned by 
changing the voltage applied to the piezoceramic mount of the laser output coupler. At best 
single longitudinal mode output of the twisted mode laser could be maintained over a 
tuning range of 1.5GHz at the full pump power of lOOmW before giving way to multi­
longitudinal mode operation. More typically, however, the laser would tune on a single 
mode for '-750MHz. This first mode was then joined by a second axial mode and these 
two mode would continue to scan for '-750MHz. The first mode would then die out 
leaving only the second axial mode as the laser cavity length was gradually altered.
The double axial mode output of the laser is illustrated on the scanning plane-parallel 
Fabiy-Perot interferometer tiace of figure 4.17(a).
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Figure 4.17. Scanning Fabry-Perot interferometer traces shown the 
twisted mode laser oscillating on (a) two and (b) thiee longitudinal modes.
After compensating for the nonlinear frequency scan of the interferometer (see section 
3.7) the two axial modes were found to be separated by (11.3±0.3)GHz. This frequency 
spacing conesponded to 3 free spectral ranges of the '-40mm optical path length laser 
cavity (Avfsr'3.75GHz). Occasionally the twisted mode laser would oscillate on 3 axial 
modes as shown in figure 4.17(b). In this paiticulai* case, the modes were spaced by 4 
and 3 free spectial ranges of the laser cavity.
C. Spatial Hole Burning in the Twisted Mode Laser
The fact that the twisted mode laser was capable of multi-longitudinal mode oscillation 
indicates that there was some residual spatial hole burning occurring within the NdiYAG 
gain medium. Simüai’ multi-longitudinal mode operation in twisted mode lasers has been 
obseiwed by other workers"^  ^but appears to have gone unpublished in the open literature.
The existence of spatial hole burning in the twisted mode laser suggested that the light 
field inside the laser rod was not perfectly circularly polarised. A number of factors may 
have contributed to this departure from pui*e cfrculai' polarization such as; birefringence in 
the NdiYAG rod or in the dielectiic coatings, retaidation errors in the quaiter wave plates, 
or misorientation of the intracavity polarising elements. Of these factors the most likely
107
Chapter 4
and most easily addressed causes of spatial hole burning are birefringence in the NdiYAG 
rod and misorientation of the intracavity polarising elements.
Birefringence in NdiYAG
Although NdiYAG is in theory an optically isotropic solid, NdiYAG crystals can 
exhibit some birefringence if subjected to mechanical stress. This stress can be inherent in 
the crystal having been "frozen" in during the growth process, or can be caused by 
external sources such as clamping screws or nonuniform thermal loading^^. As an 
illustration of the inherent optical anisotropy present in commercially grown NdiYAG, 
figure 4.18 shows a section from a 300mm diameter NdiYAG boule placed between 
crossed linear polarisers and back-lit by a white light source. The boule exhibits the bright 
central core and bright stress flares radiating from the centre typical of aU NdiYAG boules 
grown by the Czochralski method^^. This stress pattern is caused by inhomogeneous 
Nd^+ ion concentration resulting in nonuniform thermal expansion coefficients within the 
volume of the boule.
Figure 4.18. This photograph shows the white light transmission of a 
NdiYAG boule place between crossed linear polarisers. The characteristic 
strain flares are clearly visible. The circular hole in the top right hand comer 
of the boule is where a laser rod has been cut out
Obviously the presence of such inherent birefringence in the gain medium of a twisted 
mode laser would have an adverse effect on the polarization state of the light in the laser 
and so the procurement of high quality NdiYAG material is an essential consideration 
when constructing a twisted mode laser.
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Figure 4.19. A high quality, birefringence free NdiYAG laser rod (3mm 
0  X 5mm long) is shown here, viewed between crossed polarisers. (a) In 
the absence of mechanical stress no strain flares can be seen, (b) When 
pressure is applied to the rod by means of a nylon tipped clamping screw 
(entering from the top of the picture) the rod exhibits stress induced 
birefringence.
However, even with high quality, birefringence-free NdiYAG it is still possible to 
induce birefringence by applying mechanical pressure to the laser rod. This behaviour is 
demonstrated in figure 4.19. Figure 4.19(a) is a photograph of a 3mm diameter x 5mm
long NdiYAG laser rod positioned between crossed linear polarisers. The rod is made 
from high quality NdiYAG material and shows no optical anisotropy. In figure 4.19(b) 
the same rod is shown but this time a small amount of pressure is applied to the top of the 
rod by means of a nylon tipped set screw. Stress induced birefringence is clearly visible in 
this case. This method of securing the NdiYAG laser rod in the holosteric laser was 
commonly used in earlier cavity designs but because of the stress induced birefringence it 
can cause, this mounting method should be avoided for the polarisation sensitive twisted 
mode laser.
New Tw isted Mode Cavity Design
To investigate the sensitivity of the twisted mode laser performance to rotational 
orientation of the intracavity polarising elements a new laser cavity was constructed. The 
two quarter wave plates, NdiYAG rod and the Brewster's angle linear polarising plate 
were mounted in a nested arrangement of four concentric cylinders, each cylinder carrying
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one of the optical components. The cylinders were close fitting to prevent any wobble but 
were otherwise free to rotate around the axis of the cavity. See figure 4.20.
Output couplerCoupling optics
Diode laser 
array 1 0 mm
Figure 4.20 The new twisted mode laser cavity with rotatable optical 
components. The waveplates, NdiYAG rod and Brewster plate are shown 
lighdy shaded while the cross-hatched areas represent the brass cylinders on 
which they are mounted.
As in previous cavity designs the fibre optic pigtail of the diode laser array and the 
pump light coupling optics were clamped in an aluminium block. This time, however, the 
pump unit was mounted in a five axis gimbal mount (Newport M-LP-1) which gave 3 
translational and 2 rotational degrees of freedom to the pump unit. The pump diode used 
to power this twisted mode laser was a fibre coupled 250mW device (Spectra Diode Labs 
model SDL-2432-P2) driven by a SDL820 high current (lOAmps) stabilised diode laser 
power supply. The concave output coupler mirror was mounted in a Photon Control 
gimbal flexture mirror mount (Micropoint 25) to facilitate cavity alignment.
The three units of the twisted mode laser: pump, cylinders holding the intracavity 
elements, and the output coupler, were all secured to a common base plate. A photograph 
of the assembled laser system is shown in figure 4.21. The concentric cylinder section of 
the laser was positioned relative to the pump unit such that the dichroic laser cavity end 
mirror was located in the gimbal plane of the pump unit optical mount. In this way the 
angle of the pump beam could be optimised without causing significant displacement of 
the pump focus within the NdiYAG rod.
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Figure 4.21. The assembled twisted mode laser. The fibre pigtail from 
the diode laser array enters from the left. 1064nm NdiYAG laser emission 
exits to the right.
The NdiYAG rod itself was made from high quality, birefringence free material. To 
avoid inducing any birefingence in the rod through mechanical stress the rod was lightly 
tacked in place using an acetone soluble rubber adhesive (Copydex®).
Performance of the New Twisted Mode Cavitv
The pump optics for this laser consisted of a pair of aberration corrected compound 
lenses. An 8 mm focal length compound lens with a numerical aperture (N.A.) of 0.5 
(Melles Griot model 06-GLC002) was used to collect and collimate the divergent output 
beam from the fibre pigtail of the diode laser array. This was followed by a 14.5mm focal 
length, N.A. = 0.276 focusing element (Melles Griot model 06-GLC003). The overall 
magnification of this lens pair system was approximately 1.81 and so the 1 0 0 |im diameter 
core of the fibre pigtail was transformed into a free space image approximately 181|im 
across.
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A 50mm radius of cui*vatui*e, concave miixor was selected for the output coupler of the 
laser resonator. For this curvature of output miixor the best mode overlap between pump 
and laser modes was achieved for an optical path length in the cavity of about 40mm.
Initially the laser was run using a 1.5% transmission output coupler similar to that 
used in the first twisted mode laser. The multimode output power from the laser was 
recorded by aligning the birefringence axes of the two waveplates witlr the plane of linear 
polarisation defined by the Brewster plate. In this way the quarter wave plates had no 
effect on the polarisation state of the lasing mode which remained linearly polarised 
throughout the length of the cavity. When pumped
50GHz
AlrJWl,
Figure 4.22. The multi-longitudinal mode output from the twisted mode
laser with the fast axis of the two intr acavity V4 wave plates collinear with 
tire plane of polarization defined by the Brewster plate.
with the full 250mW output from the diode array the 1064nm Nd:YAG laser delivered 
42mW distributed over 7 longitudinal cavity modes. Figure 4.22 shows a typical trace of 
the multi-longitudinal mode structure output from this laser observed using a 209GHz free 
spectral range scanning plane-parallel Fabry-Perot interferometer.
Having established the maximum output power potential of the laser under multi­
longitudinal mode operation, the second quarter wave plate and the Brewster plate were 
rotated appropriately to give single longitudinal mode output. As expected single 
longitudinal mode operation could be achieved for any relative orientation of the two
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quarter wave plates but was highly sensitive to the relative orientation of the Brewster 
plate to the second quarter wave plate. However, maximum single longitudinal mode 
output power was attained when the fast axis of the waveplates were perpendicular and the
f s o -
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Figure 4.23. Single mode optical to optical slope efficiency for the 
redesigned twisted mode laser.
Brewster plate was caiefully inclined at 45° to the fast axis of the waveplates. For this 
aiTangement the laser exhibited an optical to optical slope efficiency of 23%, a threshold 
pump power of 116mW and a maximum single longitudinal mode output at X=1064nm of 
31mW as shown in figure 4.23.
Frequency tuning of the laser output was accomplished using a piezoceramic element 
mounted behind the output coupler minor to vary the cavity length. Single longitudinal 
mode operation of the laser could be maintained over a frequency range of 650MHz before 
giving way to oscillation on two longitudinal modes. Using the scanning Fabry-Perot 
interferometer these two modes were found to be separated by about lOGHz 
coiTesponding to a spacing of 3 times the laser cavity free spectral range.
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PASSIVE STABILISATION 
5.1 Noise Sources Affecting Laser Frequency
The most obvious approach to laser frequency stabilisation is to identify and eliminate, 
if possible, all the intemal/extemal influences which contribute frequency noise to the free- 
running laser output.
The noise sources arising in a laser can be loosely classified into the following two 
groups; technical noise which refers to external noise sources and fluctuations in the 
envfronment which couple into the laser, and fundamental noise aiising from quantum and 
tlieiTTiodynamic fluctuations.
5.1.1 Technical noise.
Although these noise sources aie numerous, it is possible through careful laser design 
and isolation, refened to here as passive stabilisation, to eliminate or at least reduce thefr 
contiibution to frequency noise in the laser's output. Holosteric lasers are ideal systems for 
passive stabilisation since they are free from many of the noise source (such as electric 
discharge noise, vibration from flowing coolants, fast flowing dye jets, etc.) that plague 
more conventional laser systems. They can also be made extiemely compact and so are 
more easily isolated from the envfronment.
In a laser oscillator because the resonance linewidth of the laser cavity is typically 
several orders of magnitude naiTower than the atomic or molecular linewidth of the laser 
transition (~200GHz for Nd:YAG), the cavity resonance determines the precise frequency 
of the laser output. In turn, the cavity resonance frequency is set by the optical path length 
between the cavity mirrors. For a linear* cavity of physical length L, containing a gain
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medium of length d and refractive index ni, and where the refractive index of the remainder 
of the cavity is 0 3 , the precise laser frequency (of the qth longitudinal mode of the cavity) is 
determined by ;
' ' “ 2(nid + n2 (L-d)) (^ .l)
Obviously any fluctuations in n i, n^, d o rL  will result in changes of the laser 
fr equency, v. Tlie exact spectr al content of the frequency noise contributed by variations in 
any or aU of these cavity parameters will of course depend on the design of the laser cavity 
and its immediate environment. However, certain commonly occurring environmental 
influences can be readily identified and loosely categorised as causing either short-term (of 
period < 1 second say) fluctuations or longer term drifts in the laser frequency.
L ong-T erm  D rifts.
Long-term drifts in laser frequency are mainly caused by slow variations in ambient 
temperature and pressure. To minimise long-term variation of cavity length due to thermal 
effects, the material comprising the mirror spacer should have a small thermal expansion 
coefficient. For example, materials such as Invar or Zerodur, which have extremely low 
coefficients of thermal expansion (a  -  lxlO~^ °C 'l for Invar* and a<0.1xl0"6 °C 'l for 
Zerodur) are frequently used. Even so, for a typical Invar cavity diode laser pumped 
Nd:YAG laser with a cavity approximately 5cm long, a temperatme change of only 0.1 °C 
would result in a frequency shift of around 25MHz.
Another source of long (and also short) term drift afflicting particularly external miiTor 
cavities, is due to temperature and pressure induced fluctuations of the refractive index in 
intracavity air gaps. If a length x=(L-d), of the intracavity optical path is through air at 
some pressure P, then any change, AP, in the air pressure results in change of the round 
trip optical path length of
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APAS = 2 x (n -l)-p - (5 .2 )
. ^ AP An with P -  (n-1) •
Again taking the diode pumped Nd:YAG laser as an example, with n=1.00027 and 
x=4.5cm we have, for a change in atmospheric pressure of AP«300Pa (due to wind 
turbulence around the building, air conditioning, doors opening, etc.)i, a resultant laser 
frequency drift of ~20MHz. In a passively stabilised laser such pressure induced frequency 
drifts can only be reduced by enclosing the laser in a pressure tight container or by 
minimising intiacavity air spaces.
For solid state lasers, because of the high refractive index and thermal expansion 
coefficients of the solid state materials, thermal expansions in the solid gain medium can 
cause large laser frequency shifts. For instance, Nd:YAG has a thermal expansion 
coefficient a  = lxlO'5°C‘i and a refractive index n = 1.82, so for a 5mm long NdrYAG rod 
in a 5cm long cavity a temperature change of 0.1 °C wiU result in a 45MHz frequency shift 
caused by thermal expansion of the rod alone.
S hort-T erm  Fluctuations.
As mentioned in the previous section, pressure fluctuations in any intracavity aii* spaces 
can give rise to both long term drifts in the laser frequency and also faster frequency 
fluctuations. These short term pressure fluctuations aie due to acoustic pressure waves and 
tend to be smaller in magnitude compared with the slower effects caused by draughts and 
background pressure changes. For example, the pressure change AP (also termed the 
sound pressure level) associated with sound levels in a quiet laboratory^ may be of the 
order of lOmPa. (For reference the sound pressure level at the threshold of hearing is 
ai'ound 20jiPa.) Using this value for AP in equation (5.2) implies a change in the laser 
frequency in the region of 700Hz.
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Another significant contribution to short-term laser frequency noise comes from 
airborne acoustic noise and mechanical vibrations coupling into the cavity structure. Using 
the familial* expression relating the tensile or compressive stress of a material to the applied 
strain
AL I FT 7 = Ÿ - Â  (5.3)
where Y is Young's Modulus, F is the applied force and A is the cross-sectional area of the 
material, the fractional deformation of a solid metal bar (Y-'lO^lPa) subjected to a pressure 
of lOmPa typical of low sound levels, will be of the order of lO'^^. This fractional length 
change in the miiror spacer material of a laser cavity would contribute about 60Hz to the 
laser linewidth. In practice, mechanical resonances in the cavity structure can lead to 
sizeable magnification of these vibrational changes in the cavity length resulting in peaks in 
the Fourier spectrum of the laser frequency noise.
Microphonie sensitivity of the laser to acoustic pressure waves and mechanical 
vibrations can be difficult, but not impossible, to eliminate. For instance, mechanical cavity 
resonances can sometimes be located with an acoustic probe and removed by proper 
damping (eg. by increasing the mass of the structure at various points). Isolation from 
building vibrations can be achieved, to a degree, by using a massive base plate resting on a 
sand bed mounted on low pressure air filled supports.
5.1.2 Fundamental Noise.
Even if the laser can be totally isolate fr om all external disturbances, there still remain 
two fundamental and inescapable sources of frequency noise affecting the free-running 
laser output specti*um. The fust of these noise sources is due to the thermodynamic limit 
imposed on the mechanical stability of the cavity. This noise source, analogous to Johnson 
noise or Brownian motion, is caused by the presence of thermal energy in each vibrational 
mode of the laser structure. The principal contribution to the laser linewidth from this noise
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source will normally derive from the lowest vibrational mode of the minor spacers and can 
be calculated from^
where T=temperature of the spacer material, V=volume of spacer material and Y=Young's 
Modulus of the spacer material ('-149xl09Nm"2 for Invar). Avth is of the order of IHz for 
an Invar cavity of a few centimetres in length at room temperature. The frequency spectmm 
of this noise source will show maxima at frequencies corresponding to mechanical 
resonances of the cavity structure.
The second fundamental contiibution to the free running laser linewidth is inherent in 
the light generation mechanism itself. In the laser, light is emitted through two processes; 
stimulated emission and spontaneous emission. Stimulated emission is responsible for the 
dominant coherent amplification process producing light identical in phase, frequency, 
polarisation and direction to that in the stimulating radiation. In contrast, spontaneous 
emission requfres no stimulating field and produces light with essentially random phases, 
diiections and frequencies (within the bandwidth of the laser transition). A fr action of this 
spontaneously emitted light will propagate within the same resonator mode as the laser 
beam adding a small incoherent portion to the laser field resulting in an iiTeducible 
fluctuation in the laser frequency. In the case of a single mode, homogeneously broadened 
laser system operating above oscillation threshold, theory predicts a spontaneous emission 
noise limited linewidth given by
where h, v, P and Avcav ai*e respectively, Planck's constant, the laser frequency, the laser 
output power and the cold cavity bandwidth. Ni and N2  are the population densities in the 
lower and upper laser levels respectively and gi and g% describe the degeneracies of these 
levels. This expression was originally proposed (all be it with an additional factor of 4) by
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Schawlow and Townes in their original theoretical paper on the characteristics of the laser^ 
and has since become known as the Schawlow-Townes linewidth limit. The spectral 
content of the noise fluctuations is essentially white in nature with a constant frequency 
fluctuation spectial density, ÎD (in H z/VHz) given by5
Av03 = A / —  (5.6)
Consider once again the end pumped, diode laser pumped, single mode Nd:YAG laser 
used in this work. Taking typical values for the output power and net loss (including output 
coupling and parasitic losses) of 5mW and 3% respectively, the predicted Schawlow- 
Townes linewidth limit is of the order of 50-60mHz giving a spectr al density in the laser 
frequency fluctuations of around 130mHz/VHz.
5.2 Passive Stabilisation of the CW End-Pumped 
Nd:YAG Holosteric Lasers
This section charts the gradual improvement in the passive, relative frequency stability 
of two C W  end-pumped single mode holosteric lasers through modifications in cavity 
design and acoustic isolation. The emphasis here was on reducing the short term laser 
linewidth in order to ease the demands on bandwidth and gain of any electronic servo loop 
to be used for further active frequency stabilisation. Although longer term frequency 
stability is an important issue in narrow linewidth lasers it was felt that this problem could 
be addressed, if need be, at a later stage with appropriate implementation of tight 
temperature conti'ol of the laser cavity and the use of low expansion materials in a thermal 
expansion compensating cavity design.
As a starting point the relative stability between the two first holosteric lasers built was 
measured. These two lasers were both open cavity systems constructed simply by clamping 
the three major building blocks (pump section, Nd:YAG rod holder and output coupler 
mount) of each laser straight on to the optical table. One of the lasers had its output miiTor
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mounted on a three channel piezo ceramic cube (Photon Contr ol ASM18) and its intracavity 
mode selecting étalon mounted on a galvanometer to enable the single mode output 
frequency to be manually scanned. The second laser was of a fixed cavity length and 
contained an intracavity étalon mounted on a manual rotation stage for single longitudinal 
mode selection. Each laser cavity was enclosed in thin plastic film (Clingfilm®) to reduce 
pressure fluctuations in the intracavity air spaces.
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F igure 5.1 Schematic of the optical heterodyne experiment 
The short teim relative frequency stability of these two lasers was evaluated in an optical 
heterodyne experiment as shown in figure 5.1. The unpolarized output beam from each 
laser was roughly collimated using appropriate lenses and then the two beams were 
combined on a 50% power reflectivity beam splitter via beam steering miirors. To ensure 
good spatial overlap of the laser beams the combined beams were projected on to a screen 
positioned several metres from the beam splitter. The tilt angles of the beam splitter and 
steering minors were adjusted so that the combined beams overlapped along the entire 
propagation path to the screen. The now collinear beams from one output port of the beam 
splitter were tightly focused onto the 200pm diameter active ai'ea of a 3GHz bandwidth 
BPW28 silicon avalanche photodiode. A Hewlett-Packard HP8566B radio frequency
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spectrum analyser was used to monitor the spectrum of the photodiode output signal. The 
colinear beams exiting from the second output port of the beam splitter were passed 
through scanning plane parallel Fabry-Perot and scanning confocal interferometers so that 
the spectral overlap of the outputs from the two lasers could be monitored. The Fabry-Perot 
interferometer with its -lOOGHz free spectral range gave an unambiguous display of the 
laser spectra and allowed the laser output frequencies to be overlapped to within a few 
gigahertz. The higher resolution of the 1.5GHz free spectral range scanning confocal 
interferometer could then be used for monitoring the final reduction in the frequency 
difference between the laser outputs to within the 3GHz response bandwidth of the 
photodiode and spectrum analyser. Using this experimental arrangement the heterodyne 
beat signals shown in figure 5.2 were recorded. Confirmation that the signal seen on the 
spectrum analyser was due to beating between the two lasers was given by blocking each 
laser beam in turn and observing that the spectrum analyser signal vanished in both cases. 
The frequency of the heterodyne beat note between the two lasers was, perhaps not 
surprisingly, found to be very unstable. Any movement near the optical table caused violent 
swings in the beat signal frequency and the 25MHz jitter and 5.4MHz jitter in the beat note 
illustrated in figures 5.2(a) and (b) should be regarded as the smallest linewidth results 
recorded from these lasers.
(a)
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(b)
Figure 5.2. Heterodyne beat signals between two holosteric Nd:YAG 
lasers captured on a radio frequency spectrum analyser. Trace (a) shows a 
25MHz frequency jitter in beat note over the 107ms analyser sweep time 
whilst (b) shows a 5.4MHz jitter in an analyser sweep time of 159ms.
These results were recorded under fairly hostile environmental conditions. The 
laboratory contained an industrial, discharge lamp pumped NdiYAG lasers which was a 
major source of broad band acoustic noise and generated enough heat to raise the air 
temperature by around 5°C over the course of the day. The laboratory also formed a main 
thoroughfare between two other rooms and so the opening and closing of doors was a 
frequent source of air pressure fluctuations and impact noise bursts. Mechanical vibrations 
and acoustic noise were also coupled into the lasers cavities from other experiments being 
conducted on the same optical table and from the department's Mechanical Workshop close 
by on the floor below.
The first modification to be made to the lasers was to remove their constituent parts 
from the optical table and build them into dedicated, mechanically rigid cavity structures. 
One of the laser cavities was built into a metal tube made from the low expansion alloy 
Invar. This cavity is shown in cross-section in figure 5.3. The output end of the aluminium 
block holding the pump fibre and focusing lens was centred down the bore of the invar
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F igure 5.3. The end-pumped NdrYAG holosteric laser built into a low expansion invar cavity.
cylinder by means of a tight fitting rubber O' ring glued round the end of the cylindrical 
aluminium block. The O' ring also acted as a universal joint around which this pump unit 
could be tilted. The output coupler mirror was mounted on a low voltage three channel 
piezo ceramic mirror mount (Photon Control ASM 18) as before. Three set screws in this 
mount provided coarse angular adjustment of the mirror while fine optimization of the 
cavity alignment was achieved by controlling the voltages apphed to the three piezo ceramic 
pushers. To prevent fluctuations in the optical path length through instabilities in the 
angular position of the intracavity étalon a galvanometer with integral angular stabilisation 
servo circuitry was used.
Since the lasers themselves were still very much in the developmental stage the second 
laser cavity was kept as a bread-boarded system as this offered more flexibility in terms of 
ease of alignment and modifications to the cavity. This bread-boarded laser was built onto
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its own steel base plate. A vertical side plate attached to the base plate was also used as an 
additional anchor point for each of the cavity components to improve mechanical stability of 
the bread-boarded design. The whole laser could be covered by a metal lid to form a rigid, 
closed box construction.
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Figure 5.4. 1.52MHz jitter in the optical beat signal recorded between the 
invar cavity and bread-boarded holosteric lasers.
With the lid removed from the bread-boarded laser an optical heterodyne experiment 
between these to lasers revealed a short term relative frequency jitter of 1.52MHz recorded
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Figure 5.5. Typical beat signais.
over the 50ms spectrum analyser sweep time under typically noisy laboratory conditions. 
See figure 5.4. Adding the lid to the bread-boarded laser box and surrounding the invar 
cavity laser by a foam filled enclosure reduced the effects of acoustic noise on the laser 
cavities resulting in optical beat signals of around 700-900kHz drift being observed on the 
spectrum analyser as shown in figure 5.5.
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Figure 5.6 Beat signal recorded between the bread-boarded laser and the 
invar cavity with both lasers surrounded by acoustic damping foam. The 
jitter in this beat signal is 490kHz over the 50ms sweep time of the spectrum 
analyser.
The inclusion of foam acoustic damping material inside the metal box of the bread- 
boarded laser reduced the Jitter in the heterodyne signal to around 490kHz as illustrated in
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figure 5.6. The beat signals shown above were as far as possible typical of the relative 
frequency stability of the two lasers but because of fluctuations in the background 
environmental noise levels large variations in the frequency jitter of the heterodyne signal 
ranging from a few megahertz down to a few tens of kilohertz were observed.
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Figure 5.7. Spectrum analyser displays of the optical heterodyne signal 
stored over 60 seconds. This shows a relative frequency drift of (a) 
54.4MHz and (b) 97.8MHz. The two separate peaks visible in (a) are 
separated by 64.8MHz and were probability caused by polarisation splitting in one of the lasers.
Using the peak-hold function of the rf spectrum analyser the drift in the optical 
heterodyne signal frequency was measured over a period of 60 seconds. See figure 5.7. 
Figure 5.7(a) shows the presence of two beat signals drifting concurrently. The frequency 
separation of these two beats was measure from the spectrum analyser trace to be 
64.8MHz. Since the free spectral ranges of the two laser cavities were greater than 3GHz, 
this frequency difference was too small to be accounted for by the presence of a second 
longitudinal mode in one of the lasers. However, the magnitude of the frequency difference 
was consistent with polarisation splitting of the longitudinal modes in the Nd:YAG laser as 
discussed earlier in section 4.6.3. Neither of the lasers contained any intracavity polarising 
elements and so this is the most likely explanation for the presence of the two heterodyne 
signals in figure 5.7(a).
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One major drawback with this method of measuring laser frequency drift was that it 
only provided relative drift data. To be able to compare the longer term frequency stability 
of the two different cavity designs (invar cavity and bread-boarded laser) it was necessary 
to have an independent frequency reference to compare each laser against. For this purpose 
a low finesse, 100mm static confocal interferometer was built. To give the device good 
thermal and mechanical stability the interferometer mirrors were housed in a thick walled, 
tubular mirror spacer made from a solid piece of low expansion invar alloy. The whole unit 
was then placed in an expanded polystyrene enclosure for thermal insulation from the lab 
environment. The mirrors used for the interferometer were low reflectivity, broad band 
mirrors borrowed from a tunable dye laser system. There power transmission, T, and 
reflectivity, R, at 1064nm of these aluminium coated mirrors were measured using the 
output beam from one of the Nd;YAG holosteric lasers to be T=4.6% and R=62% 
respectively giving a reflectivity based interferometer finesse of f=6.5. By scanning the 
output frequency of one of the single longitudinal mode Nd:YAG lasers the transmission 
characteristics of the interferometer were recorded as illustrated in figure 5.8.
5(X)MHz
Figure 5.8. Transmission function of the static 100mm confocal reference 
interferometer.
From this transmission the instrumental finesse of the interferometer was measured to be 
f=5.8. The interferometer free spectral range was Avfsi=750MHz and the full width at half 
maximum intensity transmission was 129.3MHz. To assess the laser frequency drift the 
output beam from both lasers was passed through the 1 0 0 mm confocal interferometer in
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turn and the time taken for the interferometer transmission to drift between its maximum 
and minimum levels was recorded. This time then corresponded to the time taken for the 
laser output frequency to change by half the free spectral range frequency (i.e. 375MHz) of 
the static interferometer. These interferometer transmissions for the invar cavity laser and 
the bread-boarded laser are presented in figure 5.9 (a) and (b) respectively. These 
measurements were taken in quick succession during a time of day when the laboratory air 
temperature was at its most stable. Rather disappointingly the frequency drift rate of 
9.6MHz/minute for the invar cavity laser was found to be slightly larger than the 
8.5MHz/minute drift rate observed for the steel bread-boarded laser. Assuming the thermal 
environment was the same for both lasers during each measurement, the larger than 
expected frequency drift rate of the invar cavity may have resulted from the following two 
causes. Firstly, the intracavity controlling galvanometer bolted to the invar spacer grew 
noticeably warm to the touch during its operation and so must have caused localised heating 
of the invar cavity spacer and Nd:YAG rod. This heating would have been compounded by 
thermal insulation effect of the acoustic damping foam surrounding the laser cavity. 
Secondly, the free spectral range of the short invar cavity was around double that of the 
longer bread-boarded laser and consequently, for the same change in optical path length in 
the two lasers the invar cavity laser would show a frequency shift twice that of the bread- 
boarded laser system.
Whilst the longer term frequency stability of the two different laser cavity designs 
appeared to be comparable, the results of figure 5.9 suggested that the invar cavity had 
superior mechanical stability. The small scale frequency fluctuations superimposed on the 
frequency drift curve in figure 5.9(b) for the bread-boarded laser were caused by acoustic 
noise and mechanical vibrations from machinery in the workshop on the floor below the 
laboratory. The same noise source was present during the recording of figure 5.9(a) for the 
invar laser cavity but its output frequency fluctuations were less.
132
Chapters
a■8
I
1
0
20 300 10
(a)
ft
w
ë
I
(b)
Time (minutes)
1
0
10 4030200
Time (minutes)
F igu re  5*9. Transmission curves of the low finesse confocal 
interferometer showing the drift in the output frequency of (a) the invar 
cavity holosteric laser and (b) the bread-boarded holosteric laser.
5.2.1 The Small Anechoic Laser Enclosure
Since the major source of short term laser frequency instability is environmental noise it 
is desirable to isolate the lasers from such mechanical and acoustic noise sources as much 
as is practical. To this end a miniature anechoic chamber was built to house the two 
holosteric lasers as illustrated in figure 5.10.
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Figure 5.10. Schematic of the anechoic chamber built to house two 
frequency stable cw Nd:YAG holosteric lasers.
The lasers were bolted to a granite block (250x200x 150mm) embedded in a few
centimetres of sand. This provided insulation from impact generated sounds transmitted
through the steel optical table top whilst giving a mechanically stable base for the lasers.
Isolation of the lasers from airborne sound was in the form of an enclosure made from
16mm thick wooden chipboard covered with a cladding layer of lead 1mm thick. The high
density and low stiffness of these materials, particularly in the case of lead, gave the
structure good acoustic damping properties across a wide frequency range and particularly
towards the upper end of the acoustic frequency spectrum^. The internal cavity of the box
was lined with acoustic damping foam to a thickness of around 100mm. Air pressure
waves passing through the many small pores in the foam experience large frictional forces
resulting in energy being dissipated from the sound wave as heat in the damping foam.
This effect is particularly acute for standing waves of the resonant modes of the box with
wavelengths shorter than four times the thickness of the foam. These standing waves will
have at least one pressure anti node lying within the foam and so will experience the most
damping. Thus a 100mm thickness of damping foam should attenuate airborne sounds with
wavelengths less than 400mm or equivalently frequencies over 825Hz. The laser beam exit
holes in the side of the enclosure were covered using RGIOOO infrared filter glass. This
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served the dual purposes of plugging the acoustic leak caused by the holes through the 
enclosure walls and also blocking any residual pump light emanating from the lasers.
background noise
box with acoustic damping foam
box with foam and lead cladding
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F igure 5.11. Acoustic noise spectra over (a) 0-20kHz and (b) 0-1 kHz 
illustrating the sound attenuation achieved by the anechoic laser enclosure.
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To measure the sound attenuation characteristics of the complete chamber a 
microphone was located on the granite block inside the chamber and coupled to a 0-20kHz 
fast Fourier transform spectrum analyser (Bruel and Kjaer type 2033). The frequency 
response of the Bruel and Kjaer condenser microphone, type 4134 used was flat to within 
±2dB from 3Hz to 20kHz. First of all the background noise spectrum was recorded with 
the microphone in the box but with the box lid, damping foam and lead cladding removed. 
Noise spectra were then recorded with the damping foam added and then with both foam 
and lead in place to see the effect of these materials. See figure 5.11. The sound reduction 
of the foam, chipboard and lead enclosure was found to be so effective over the spectral 
range from 800Hz to 20kHz that the measurement of the attenuated sound level was 
limited by the noise floor of the detection system. A more detailed examination of the noise 
spectrum below IkHz showed that the enclosure was providing between 10 and 20dB of 
attenuation of the background acoustic noise for frequencies greater than about 200Hz. 
Interestingly for frequencies less than lOOHz the acoustic enclosure actually enhanced the 
noise level by about lOdB over the previously measured background level possibly through 
some resonance effect of the structure. This raised low frequency noise level did not cause 
undue concern since its contribution to instabilities in the laser output frequency could be 
controlled using a small bandwidth active laser frequency servo loop.
The real test of the anechoic chamber was to see its effect on the short term laser 
frequency stability. One of the lasers used was the invar cavity system as before. Because 
of the apparently good mechanical stability of this design, the bread-boarded laser was 
replaced by a cavity similar to that of the invar cavity laser shown in figure 5.3. In this new 
cavity the long term thermal stability was sacrificed for ease and speed of machining by 
making the outer mirror spacer tube from aluminium instead of invar. Other modifications 
to the earlier laser design included lengthening the cavity to allow a Brewster angle plate to 
be inserted into the cavity and the replacement of the piezo ceramic cube mirror mount with 
a mechanically more stable and more easily aligned gimbal mount carved from a solid of 
piece of spring steel (Photon Control Flexture Mount model Micropoint 25)).
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The output beams from the two lasers were combined on a beam splitter and the optical 
heterodyne signal monitored using the fast photodiode and rf spectrum analyser as before. 
To establish some kind of bench mark the jitter in the optical heterodyne beat signal was 
measured with the lid and acoustic damping foam removed from the laser enclosure. At this 
stage the lead clad chipboard enclosure itself could not be removed without risking serious 
damage to the lasers. Under these conditions the jitter of the heterodyne signal was 
measured as 1.25MHz over the 50ms spectrum analyser sweep time. See figure 5 .12(a).
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Figure 5.12. Typical optical beat signals recorded between the two 
holosteric lasers located inside the anechoic enclosure. In (a) a 1.25MHz 
frequency jitter in the optical heterodyne signal was measured with both the 
lid and damping foam removed from the lasers enclosure, (b) With the foam 
and lid in place on the laser enclosure the beat signal frequency jitter was 
530kHz.
When the damping foam and lid were replaced on the enclosure the jitter in the optical beat 
signal fell to around 500kHz over the same 50ms sweep time. Again this was found to be 
very reproducible. See figure 5.12(b). Frequency drifts in the heterodyne signal were 
found to be around 40 to 50MHz measured over 1 minute as shown in figure 5.13.
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Figure 5.13. Typical frequency drifts in the optical heterodyne signal 
from the lasers in the anechoic enclosure recorded in a 1 minute time interval.
5.2.2 Relative Frequency Stability Between The Etalon And 
Twisted Mode Nd:YAG Lasers in a New Laboratory  
Environment.
Following the construction and characterisation of the twisted mode, single longitudinal 
mode NdrYAG laser described in section 4.7 and the relocation of the narrow linewidth 
laser experiments to a much quieter ground floor laboratory on solid foundations the short 
term relative frequency stability of the Nd:YAG lasers was measured once more. The two 
lasers used in this heterodyne experiment were the pre-aligned twisted mode laser (which 
replaced the old invar cavity laser with intracavity étalon) and the redesigned aluminium 
laser with intracavity mode selecting étalon described above. Again, for maximum acoustic 
noise isolation both lasers were mounted inside the anechoic enclosure. With these changes 
to the system the optical beat signal generated between the two combined laser outputs 
showed a relative frequency stability typically less than 20kHz and frequently below the 
lOkHz resolution bandwidth of the rf spectrum analyser (figure 5 .14(a)) over the 50msec 
measurement time. Measurement of the relative frequency drift between the two lasers was
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recorded using the peak hold function of the spectrum analyser and found to be 24.25MHz 
over 1 minute.
This measured value for the short term linewidth in the beat signal between the two 
diode pumped lasers compares well with published results from both monolithic^73,9 and 
open cavity^® diode laser pumped solid state lasers.
tsï.is dea
i d k H z 1
CENTRE 497.B26GHZ 
RB 10kHz VB 10.0kHz
SPAN 1.000MHz 
ST 50.00msec '
I "i.....
......i..... • ...... -• ■ — ^......;.....
J ____ ! 2 4 .2 5 M H i . ..... r l ......... 1
1 î d r i f t
‘CENTRE 251.81MHz 
RB 300kHz VB 300kHz
SPAN 50.00MHz 
ST SO.OOmsec
(a) (b)
Figure 5.14. (a) Commonly observed sub lOkHz frequency linewidth of 
the optical heterodyne signal. Measurement of the true jitter linewidth was 
limited by the lOkHz resolution bandwidth of the spectrum analyser, (b) 
24.25M l6 frequency drift in the heterodyne signal over 1 minute.
5.3 Measurement of Frequency Noise Spectral 
Density
The technique of optical heterodyning described above not only provides useful 
information on the relative short term frequency stability between two lasers but can also 
give information about the spectral content of this frequency jitter. This spectral density 
data is in the form of frequency modulation (FM) side bands around the main carrier 
frequency of the heterodyne signaF^. However, this information can be very difficult to 
extract as the noise side bands of interest are often weak and lie close in to the carrier. To 
attain the level of frequency resolution required necessitates the use of long sampling times 
on the rf spectrum analyser. This in turn places stringent requirements on the longer term
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frequency stability of the heterodyne signal. Furthermore, to allow unambiguous 
interpretation of the spectral density data one of the lasers would have to be extremely 
stable to act as a pure reference frequency local oscillator against which the test laser could 
be compared.
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F igure 5.15. The optical layout used for measuring the frequency noise 
spectral density present in the Nd:YAG holosteric laser output.
A more convenient method for measuring the spectral density of frequency fluctuations
from an individual laser is to use the slope of the transmission curve of a static
interferometer as an optical frequency noise to optical intensity noise converter (figure
5.15). The laser output frequency is normally adjusted to match the inflection point in the
interferometer transmission curve. Around this frequency the interferometer frequency to
intensity conversion is at its most linear and providing that the laser frequency fluctuations
are small (« interferometer half width at half maximum linewidth) then this method
generates an intensity signal proportional to the instantaneous frequency of the laser output.
The intensity modulated light beam can be detected by a photodiode and the frequency
spectrum of the resulting electrical signal subsequently sampled and analysed using a fast
Fourier Transform spectrum analyser. From knowledge of the frequency to photodiode
voltage slope of the reference interferometer and the resolution bandwidth of the spectrum
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analyser, the root mean squared (rms) voltage spectrum can be recalibrated in terms of the 
rms laser frequency fluctuations per V(unit sampling bandwidth).
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Figure 5.16. Frequency noise spectral density plots for (a) twisted mode 
laser with mains powered, high voltage piezo transducer driver, (b) twisted 
mode laser with battery powered high voltage piezo driver and (c) the 
NdrYAG laser with intracavity mode selecting étalon.
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Referring to the experimental arrangement in figure 5.15 the static reference confocal 
interferometer had a free spectral range Avfsr=750MHz and a FWHM instrumental 
linewidth of 5MHz giving the device a finesse of f=150. Optical power transmission was 
measured to be 1%. For good long term stability the interferometer was made from a thick 
walled invar tube and was temperature stabilised by means of a CAL9000 (CAL Controls 
Inc, Illinois, USA). The interferometer was securely fixed inside an acoustic isolation 
chamber of similar design to the laser enclosure shown in figure 5.10. Light transmitted 
thfoiigh the interferometer was detected by a BPX65 silicon photodiode connected to a 
45kHz bandwidth, battery powered amplifier. A 0-20kHz, high resolution Bruel and Kjaer 
spectrum analysertype^2(B3 was^A  ^ process the resulting electrical signal.
Figure 5.16 (a) shows the frequency noise spectrum of the twisted mode laser recorded 
using this experimental arrangement. The noise spectrum shows laser frequency noise at 
levels several times the detector noise floor of (47±10)Hz/vfe[z over the 0-16kHz spectral 
region. Above 16kHz the laser frequency noise tends towards the detection noise floor 
limit. It was suspected that much of this frequency noise was caused by electrical noise 
from the mains driven high voltage power supply used to activate the piezo ceramic laser 
frequency tuner. This suspicion was confirmed when the high voltage power supply was 
replaced by a high voltage battery pack resulting in the laser frequency noise spectral 
density being reduced to a level indistinguishable from the system noise floor, figure 
5.16(b).
A similar noise measurement was made on the laser containing the intracavity mode 
selecting étalon, with the battery high voltage power supply being used as before. See 
figure 5.16(c). Below 2kHz there is some observable laser frequency noise with a distinct 
peak of 200 Hz/vWz at a frequency of IkHz. This low frequency noise may be due to 
electrical noise on the étalon galvanometer power supply. For frequencies over 2kHz the 
recorded spectral density plot is lost in the detection noise floor.
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The poor signal to noise ratio limiting these spectral density experiments was primarily 
due to the 1% transmission efficiency of the reference interferometer. The resulting low 
light levels at the detector meant that the spectrum of the electrical signal was dominated by 
amplifier noise. The contribution to this level by the photocurrent generated shot noise was 
calculated to be negligible at only ~0.3Hz/Vtlz for the light levels involved.
One failing of the simple experimental arrangement of figure 5.15 is that any laser 
intensity noise would be interpreted as frequency noise on passing through the reference 
interferometer. To check the intensity noise contribution to the frequency spectral density 
data of figures 5.16 (a), (b) and (c) the intensity noise spectra of both lasers were recorded 
with the same photodiode, amplifier and spectrum analyser used previously. The lasers 
were in turn run at full power and a fraction of the beam directed to the photodiode. A 
variable optical attenuator placed in front of the photodiode was adjusted to match the d.c. 
voltage level produced from the amplifier to that used during the frequency noise 
experiments. Under these conditions no intensity noise was measurable over the detection 
system noise.
reference level 
photodiode reference interferometer
Nd:YAG laser
optical
isolator
amplifier & filter
□spectrum
analyser differenceamplifier
F igure 5.17. A side-of-fringe locking scheme for measuring the spectral density of the laser frequency noise.
An alternative experimental arrangement for measuring frequency noise spectral 
densities is shown in figure 5 .1712,13 _ This variant on the side-of-fringe locking technique
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eliminates the problem of laser frequency drift by actively locking the transmission 
frequency of the reference interferometer to the laser output frequency. Effects due to 
fluctuations in laser intensity are also partly suppressed by monitoring the laser intensity 
noise on a separate photodiode and subtracting this signal from the reference interferometer 
transmission signal. This difference voltage, after appropriate amplification and filtering, 
forms the feedback error signal to the piezo electric frequency tuner on the reference 
interferometer. By varying the light intensity falling on the intensity monitoring photodiode 
the lock point on the interferometer transmission curve can be selected. The point of 
inflection on the interferometer transmission curve is normally chosen as the lock point as 
this has the greatest frequency to intensity gradient and so gives the greatest frequency 
noise sensitivity. For error signal frequencies below the unity gain point of the servo loop, 
the error signal applied to the piezo transducer is a measure of the laser frequency noise. 
For error signal frequencies above the unity gain point of the servo loop, the interferometer 
no longer tracks the laser frequency fluctuations and so the spectral density data should be 
taken directly from the difference amplifier. One draw back of this measurement system is 
that active movement of the reference interferometer length can excite mechanical 
resonances of the interferometer structure giving spurious noise data,
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ACTIVE FREQUENCY STABILISATION
Once a particular laser system has been passively stabilised, to a degree where it still 
remains a practical and usable system, active frequency stabilisation can be used to 
remove any residual frequency fluctuations from the laser output. In this chapter an 
overview of active laser frequency stabilisation is given indicating its limitations and 
capabilities. Particular emphasis is given to the Pound-Drever locking system as this was 
the stabilisation method applied to the diode pumped Nd:YAG laser in this work.
6.1 Basic Principles of Active Frequency Stabilisation
The design criteria for an active stabilisation seiwo system will vary depending not 
only on the noise sources (e.g. due to fast flowing dye jets, flowing coolants, etc.) 
present in the laser and in its immediate environment but also on the level of passive 
stablisation achieved. The magnitude of the task of the servo control will depend on the 
magnitude and spectral distribution of these remaining noise components. The smaller 
the magnitude and frequency bandwidth of the noise, the easier will be the task of the 
stabilisation servo.
Although frequency servo systems differ in detail they are all composed of the same 
basic building blocks namely;
a) A stable frequency discriminant which generates a zero crossing electrical signal 
directly proportional to the instantaneous frequency difference between the laser 
output and some fixed reference.
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b) An electronic control system which processes the signal generated by the 
discriminant into an error signal to apply to the transducer to return the laser 
frequency to the desiied frequency as fast as possible.
c) A transducer which responds to the eiTor signal from the electronic control 
system to vary one (or more) of the parameters determining the precise laser 
output frequency.
Each of these elements will be discussed in more detail in the following sections.
6.1.1 References For Laser Stabilisation - Frequency Discriminants
The purpose of the frequency discriminant element of the laser frequency 
stabilisation loop is to sense departures of the laser frequency from the desired value and 
to generate an electrical signal proportional to that change. Many techniques can be used 
to generate suitable frequency disriminants for laser stabilisation such as compaiing the 
intensity of orthogonally polaiised, adjacent longitudinal modes used in HeNe laser 
stabilisation^^, interference fringes between the output of two lasers for direct laser 
phase locking3.4,5,6,7,8,9, or intensity fluctuations in the interference fringes produced by 
a two beam Michelson interferometeri^di. The most commonly used and arguably the 
most effective laser stabilisation schemes, however, use frequency discriminants based 
on passive resonant optical cavities or spectroscopic features of atomic or molecular 
species.
Passive Optical Cavities
The frequency dependent intensity transmission or reflection characteristics, or even 
the phase shifting properties of passive optical resonators can be exploited to form 
highly stable and sensitive optical frequency discriminants. Since passive optical cavities 
can be made very compact and require no intracavity elements of external control
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systems they usually suffer less technical noise than the original laser and are more 
easily isolated from the environment.
For instance, Richard et al^^ constructed a passive reference cavity for operation at X 
-  633nm in which the mirror spacer was formed by a 1.6kg single crystal of silicon. The 
interferometer was carefully mounted in a vacuum chamber to isolate it from mechanical 
and acoustic noise and was also cooled to 4.2K in liquid Helium. Cooling to these 
cryogenic temperatures allowed tight temperature control and reduced the already small 
temperatuie expansion coefficient of the mirror spacer to an almost negligible level. 
Residual fractional cavity length changes and consequently fractional frequency changes 
of the cavity resonance were measured to be less than 5xl0~^^ for this cavity.
It is also possible to construct a completely solid reference cavity from a suitably 
transparent material and deposit the miiTor coatings directly onto the polished surfaces 
as demonstrated by Tsuchida et aF^. Such cavities should have good mechanical 
stability although their efficiency and Finesse may be limited by scattering sites within 
the solid. Ultra compact and so easily isolated, naiTow linewidth cavities in the form of 
fibre optic resonators^"^4^ may also prove useful as references for laser stabilisation.
As well as their potential for good mechanical stability, passive optical cavities can 
now be constructed which exhibit high transmission efficiency and very high finesses of 
the order of lO'  ^ resulting in narrow resonance linewidths a few tens or hundreds of 
kilohertz widel^47,i8^ Such narrow resonances provide the basis for optical frequency 
discriminants with good sensitivity and signal to noise ratio, features which are 
important in determining the ultimate stability level reached through active stabilisation. 
Crucial to the development of such narrow linewidth optical resonators have been the 
advances made in ultra low loss, high reflectivity mirror technology. Cleaning and 
polishing methods are now available which can produce mU ror substrates smooth to 
within a few Angstroms. This, coupled with improved dielectric mirror coatings applied 
by ion beam sputtering, has lead to the production of mhrors with losses below 2 0  parts 
per million and optical power reflectivities in excess of 99.995%
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Spectroscopic Absorption and Emission Lines.
Absolution or emission lines of atomic or molecular species are attractive candidates 
as laser frequency discriminants because they provide an exact and highly reproducible 
frequency reference. A common stabilisation scheme employing an absolution reference 
is by saturated absorption^o. The technique involves placing inside the laser cavity, a 
tube containing a low pressure vapour which has an absorption line falling within the 
gain bandwidth of the laser. The sti'ong standing wave electiic field inside the cavity 
gives rise to saturation of this absorption for the velocity group of absorbing atoms or 
molecules having a zero longitudinal velocity component. Thus a Lorentzian shaped, 
non Doppler broadened dip fomis at the centre of the absorption line. This dip in 
absorption produces a corresponding increase in laser output power at the absorption line 
centre frequency. The width of the absorption feature, virtually free from Doppler 
broadening, is determined by the natural width of tlie line. Since lasers are very sensitive 
to the small changes in cavity gain and loss parameters such as these occurring in the 
region of the saturated absorption, suitable absorption effects can be produced with low 
pressure vapour cells. This means that pressure broadening of the absorption line can be 
minimised. The most suitable molecules for saturated absorption stabilisation are those 
with symmetry giving small dipole moments since they are insensitive to Stark or 
Zeeman frequency shifts.
Providing a molecular vapour can be found with an absorption line falling within the 
laser gain profile, the main limitation to laser stability is imposed by the absorption 
linewidth which is typically a few megahertz.
One of the most common laser to be stabilised to a saturated absorption feature has 
been the HeNe laser operating at 633nm or 3.39fxm utilising low pressure I2  21,22,23,24 or 
CH4  25,26,27 as the intracavity absorber respectively. In the case of the NdiYAG laser, 
the application of the saturated absorption stabilisation technique has been hampered by 
the sad lack of absorption lines coinciding with the fundamental laser frequency. One 
solution to this problem has been to generate the second harmonic of the laser frequency
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and then use the strong absorption lines of molecular Iodine as the frequency 
référencées,29^  As an alternative, absorption features around 1064nm in molecular 
Caesium have been proposed as possible frequency references^o although this 
necessitated the use of a Caesium vapour heat pipe.
As an alternative to stabilisation by satuiated absorption, the optogalvanic effect in 
spectroscopic discharges can also be used as a laser frequency reference. The 
optogalvanic effect manifests itself as sharp changes in electiical impedance of a low 
pressure gas discharge when the discharge is illuminated by light of frequency 
corresponding to an allowed transition of the gaseous species. If a low pressure 
discharge cell is placed inside the laser cavity, the laser frequency can be servo locked to 
the Doppler free Lamb dip in the optogalvanic signal from the discharge lamp3l,32,33
Several other methods for generating frequency locking discriminants are also 
available such as using the Lamb dip34,35 the gain cuiwe of a gas laser, or Zeeman 
splitting^ 6,37,38 in an intracavity or external absolution cell. An extensive review of these 
and other discriminants based on spectroscopic features has been presented by Baird and 
Hanes39.
6.1.2 Servo Control Electronics.
The purpose of the control electi'onics is to suitably process the signal from the 
frequency discriminator into an appropriate eiTor signal that, when fed to the frequency 
control transducer, reduces the frequency difference between the laser and the reference 
point. Generally, the use of a servo or feedback system minimises the discrepancy 
between the laser and reference frequencies by a factor proportional to the gain around 
the servo loop. Therefore, very large gains are deskable for maximum noise suppression. 
However, in any practical systems the gain cannot be made arbitrarily large due to time 
delays inherent in the feedback network. In the frequency domain, the time delay, T, will 
manifest itself as a frequency (f) dependent phase shift of magnitude 2%fT, For very low 
frequency components of the laser noise spectrum, the closed loop phase shifts will be
150
Chapter 6
negligible and so the negative feedback will effectively cancel the original noise input. 
However, for higher frequency components, the loop phase shifts approach n/2 and so 
the servo will become less and less effective at reducing their amplitudes. At still higher 
frequencies, the time delay induced phase shifts will exceed îi/2 and tend towards 7C. In 
this frequency region the resulting error signal will start to augment rather than suppress 
the initial noise terms causing the system to go into self-sustained oscillation. To prevent 
such oscillations from building up on successive passes of the servo loop, the loop gain 
must be reduced to unity (or less) for noise frequency terms which experience phase 
shifts in excess of tc/2. This then sets an upper limit, f^ax» the effective bandwidth of 
the servo, where fmax=^* The frequency at which the gain must reach unity is termed
the unity gain point.
The need to reduce, or roll-off, the loop gain towards higher frequencies brings, in 
itself, additional problems in the system design. Associated with every frequency 
dependent voltage gain function is an intrinsic, inescapable frequency dependent phase 
shift. Usually, the steeper the gain versus frequency curve, the larger the accompanying 
phase shift. As a consequence of this, there is a maximum safe rate at which the gain can 
be increased from the unity gain point with decreasing frequency. In turn, this governs 
the maximum attainable gain at lower frequencies. The addition of this gain dependent 
phase shift to that arising from finite loop time delays requires that the unity gain 
frequency be reduced further in order to maintain the total loop phase shifts at or below 
n/2. Assuming that the unity gain frequency is lowered to a point where the time delay 
phase shift contribution can be neglected then the maximum tolerable phase shift due to 
gain roll-off alone is again n/2 near the unity gain point. The slope of the voltage gain 
curve associated with such a n/2 phase shift is -6 dB/octave. Commonly, these gain and 
phase shift characteristics ar*e achieved using an electronic integrator circuit. For low 
frequencies, well removed from the oscillation danger zone near the unity gain point, 
larger phase shifts can be accommodated and so it is often possible to increase the slope 
of the gain curve to -12dB/octave over approximately a decade in frequency usually by 
adding another integrator stage. Thus it is only really feasible to achieve the desired high
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servo loop gains at low frequencies. These features of a “typical” laser frequency servo 
aie shown schematically in figure6 .1 .
Phase shift due to a time 
delay in tlie feedback loop
Double Integrator 
(-12dB/0ctave)O
>II Single Integrator (-6dB/0ctave)
finaxfunity
Frequency (Log)
Figure 6.1 Gain and phase shift in a typical laser frequency sei'vo system.
Various tricks are available in servo loop design which enable more bandwidth and 
consequently higher gains to be squeezed from a particular sei*vo system. One such 
circuit scheme, commonly employed to keep loop time delays to a minimum whilst 
retaining a lai'ge sei*vo bandwidth, is to include a bypass circuit which splits the input 
signal into its high and low frequency components. These components once separated , 
are fed tlnough separate amplifier chains thus reducing propagation delays through the 
servo electronics. The two separate error signals derived from the high and low 
frequency components aie then applied to separate frequency control transducers on the 
laser. For instance, the low frequency eiTor signal could be sent to a piezo mounted 
cavity miiTor while the high frequency signal could control an intra or extra-cavity 
electro-optic modulators. The crossover frequency between the two transducers is 
normally fixed by the bandwidth of the low frequency tiansducei"^.
6.1.3 Frequency Control Transducers.
Frequency control of the laser output is most commonly performed by varying the 
optical path length of the resonator (by controlling the mirror sepaiation or intracavity
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r e fr a c t iv e  in d e x )  or  b y  e x tr a -c a v ity  p h a se  m o d u la tio n . In  o p e n  c a v ity  la se r s , th e  c a v ity  
le n g th  ca n  b e  s im p ly  v a iie d  o v e r  a  f e w  m icr o n s  b y  m o u n tin g  o n e  o f  th e la se r  m in o r s  on  
a  p ie z o c e r a m ic  e le m e n t . T h is  a m o u n t o f  m o v e m e n t  m e a n s  th a t s u c h  p ie z o c e r a m ic  
t ia n s la to r s  h a v e  g o o d  d y n a m ic  ra n g e  in  term s o f  th e s iz e  o f  fr e q u e n c y  s h if t  th e y  ca n  
im p art to  th e  la se r  ou tp ut. H o w e v e r , theii* u se fu l fre q u en cy  r e sp o n se  ten d s to  b e  lim ite d  
to  o n ly  a  f e w  ten s  o f  k ilo h er tz  d u e  to  m ec h a n ic a l re so n a n c es  o f  th e  m o v in g  m irro r /p iezo  
sy s te m . I f  lo w  m a ss  m irrors an d  c a ie f u l ly  s e le c te d  an d  d a m p e d  p ie z o s  a ie  u se d , it  is  
p o s s ib le  to  e x te n d  th e  b a n d w id th  o f  a p ie z o c e r a m ic  la se r  fr e q u e n c y  t ia n s d u c e r  up  to
2 0 0 -3 0 0 k H z 4 i.4 2 .
S t i l l  h ig h e r  fr e q u e n c y  r e sp o n se s  a ie  p o s s ib le  b y  u s in g  an  in tr a c a v ity  e le c tr o -o p t ic  
cr y sta l su ch  as K D P , to m o d u la te  th e in tra ca v ity  re fra ctiv e  in d e x . U n fo r tu n a te ly  c r y sta ls  
w h ic h  s h o w  e le c tr o -o p tic  a c t iv ity  are a lso  p ie z o e le c tr ic  an d  s o  c a n  e x h ib it  u n d e s ir a b le  
m e c h a n ic a l r e s o n a n c e  sim ilar' to  th e  p ie z o c e r a m ic  tra n sla to rs . H o w e v e r ,  b y  c a ie f u l  
d a m p in g  o f  th e s e  m e c h a n ic a l r e so n a n c e s  an d  b y  ju d ic io u s  c h o ic e  o f  c r y s ta l c u t  (fo r  
in s ta n c e , th e  c u t  w h ic h  m a k e s  u se  o f  th e  1*41 e le c tr o -o p t ic  c o e f f i c ie n t  in  A D * P  h a s  
n e g lig ib le  p ie z o e le c tr ic  e ffec ts^ ^ ), the laser's ou tp u t fr e q u e n c y  c a n  b e  c o n tr o le d  o v e r  a 
b a n d w id th  o f  h u n d red s o f  m egahertz44,45 T h e  u pp er l im it  to  th e  fr e q u e n c y  r e sp o n se  o f  
an in t ia c a v ity  e le c tr o -o p tic  d e v ic e  is  u su a lly  se t  b y  th e  a b ility  o f  th e  e le c t i i c a l  d r iv e  
c ir c u itr y  to  d e v e lo p  th e  n e c e s s a iy  v o lta g e  a c r o ss  th e  p u r e ly  c a p a c it iv e  lo a d  o f  th e  
m o d u la to r . A lth o u g h  th e  e le c tr o -o p tic  m o d u la to r  h as an  e x c e l le n t  b a n d w id th , its  u s e  as  
an  in t ia c a v ity  la se r  fr e q u e n c y  tran sd u cer is  o f te n  lim ite d  b e c a u s e  o f  its  sm a ll d y n a m ic  
ra n g e  an d  b e c a u se  o f  the large  p arasitic  lo s s  it  in trod u ces in to  th e  la se r  ca v ity .
In  th e  c a s e  o f  th e p ie z o c e r a m ic  m o u n te d  c a v ity  m irror or  th e in tra ca v ity  e le c tr o -o p tic  
m o d u la to r  ty p e  o f  fr e q u e n c y  tran sd u cer, th e  fr e q u e n c y  o f  th e  la se r  o u tp u t i s  c o r r e c te d  
b e fo r e  it  le a v e s  th e la se r  c a v ity . A lte r n a tiv e ly , it  is  p o ss ib le  to  m o d ify  th e  fr e q u e n c y  o f  
th e  la se r  b ea m  o u ts id e  th e  la se r  c a v ity  b y  u s in g  an a c o u sto -o p tic  fr e q u e n c y  sh ifte r  or  an  
e lec ti'o -o p tic  p h a se  m od u lator.
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W ith  th e a co u sto -o p tic  m od u la tor , th e  fre q u en cy  o f  th e la se r  b e a m  is  D o p p le r  sh ifte d  
u p o n  B r a g g  sca tter in g  fro m  th e tra v e llin g  a c o u stic  d e n s ity  w a v e  in  th e  m o d u la to r . T h e  
l ig h t  fr e q u e n c y  is  sh ifte d  b y  an am ou n t eq u a l to  th e fre q u en cy  o f  th e  a c o u st ic  w a v e  and  
s o  fo r  s ta b ilis a t io n  p u r p o se s  th e  m o d u la to r  c a n  b e  d r iv e n  b y  a  v o lt a g e  c o n tr o lle d  
o s c illa to r  ta k in g  th e error s ig n a l v o lta g e  as its  input. T h e  m a x im u m  fr e q u e n c y  r e sp o n se  
o f  th e  a c o u s to -o p t ic  fr e q u e n c y  sh ifte r  i s  ty p ic a lly  in  th e  r e g io n  o f  a f e w  h u n d red s o f  
k i lo h e r tz , l im ite d  b y  th e  f in ite  p ro p a g a tio n  t im e  o f  th e  a c o u s t ic  w a v e . O n e  d if f ic u lty  
en c o u n te r e d  w ith  th e  a c o u sto -o p tic  fre q u en cy  sh ifter  is  th e  in tr o d u ctio n  o f  sp a tia l n o is e  
in to  th e  la se r  b e a m  b e c a u se  o f  th e  d e p e n d e n c e  o f  the B r a g g  d e f le c t io n  a n g le  o n  th e  
a c o u s t ic  w a v e  fre q u en cy . T h is  a d d itio n  o f  sp a tia l n o is e  ca n  b e  a v o id e d , h o w e v e r , b y  
r e tr o r e f le c t in g  th e  la se r  b e a m  b a ck  th rou gh  th e  a c o u s to -o p t ic  m o d u la to r  fo r  a  s e c o n d
pass46,47_
F o r  fa ste r  fre q u en cy  r e sp o n se  an  ex tern a l e le c tr o -o p tic  p h a se  m o d u la to r  ca n  b e  u se d  
a s an  e x tr a c a v ity  fr e q u e n c y  sh ifter . T o  u n d erstan d  th e  p r in c ip le  o f  o p e r a tio n  o f  th is  
fr e q u e n c y  tran sd u cer it  is  u se fu l to rep resen t the t im e  v a ry in g , in s ta n ta n e o u s  fre q u e n c y ,  
v ( t) ,  b y
= + (6.1)
w h e re  vq is  a co n sta n t cen tre  fre q u en cy  and (()(t) is  so m e  tim e d ep en d e n t p h a se  term . A n  
e le c tr o -o p tic  m o d u la to r  c a n  b e  u se d  to gen era te  su ch  a t im e  v a iy in g  p h a se , (|)(t) o f  the  
fo rm
(6 -^)
U (t)  is  th e  v o lta g e  a p p lied  to  th e m od u la tor  an d  U i /2  i s  the m o d u la to r  h a lf  w a v e  v o lta g e  
( v o lta g e  w h ic h  p ro d u c es  a  retard ation  o f  n rad ian s). T h e  re su ltin g  sh ift , A v , in  th e la ser  
fr e q u e n c y  is  thu s
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^ ^ = 4 Î J Ï ^ - ^  (6.3)
Ideally this frequency shift should be proportional to the eiTor signal vo ltage, V (t), 
generated by the frequency stabilisation seiwo electronics and so the voltage applied to 
the modulator m ust be o f  the form
U(t) 4U i/2 JV(t)dt (6.4)
Therefore, the appropriate electro-optic modulator drive voltage can be derived by 
passing the error signal voltage through an electronic integiator.
The maximum frequency shift attainable with this type of tiansducer is dependent on 
the slew rate (rate of change of voltage with time (dU/dt)max) of the integrator, whilst 
the maximum output voltage of the integiator deteimines the time period over which 
this shift can be sustained. In practice the dynamic range of this device is very restricted 
and it is usually necessary to use it in conjunction with a slower frequency transducer 
capable of larger frequency shifts such as the piezo mounted mirror40,41 or the 
extiacavity acousto-optic modulatoi'4'7.
6.2 Laser Frequency Stabilisation Schemes Based on 
Passive Optical Reference Cavities
Laser stabilisation schemes utilising passive optical cavities as frequency references 
are among the most widely used and have in some cases achieved unprecedented levels 
of frequency stability. In the following section some of the most popular and successful 
techniques for laser frequency stabilisation are described.
6.2.1 Side-Of»Fringe Locking
In this stabilisation technique the locking discriminant is foimed directly from one of 
the sloping sides of a transmission fringe of a passive optical cavity. The laser frequency
155
Chapter 6
is set to lie neai* the half maximum intensity tiansmission point of the cavity resonance. 
Any small changes in laser frequency relative to the cavity resonance will be converted 
into fluctuations in the light intensity transmitted by the cavity. A photodiode monitoring 
this transmitted light produces an electrical signal, the amplitude of which corresponds 
to the frequency of the laser output.
To be useful as a frequency locking discriminant this electrical signal must be biased 
around zero volts so that its sign indicates whether the instantaneous laser frequency is 
on the high or low frequency side of the desired lock point. Biasing can be performed 
simply by subtracting a constant reference voltage level from the photodiode signal 
using a fast difference amplifier. The frequency lock point on the cavity fringe can then 
be set by adjusting the reference voltage level into the difference amplifier.
Unfortunately this method of generating the locking discriminant cannot distinguish 
between intensity noise and frequency noise in the laser output. To prevent this mapping 
of intensity noise into the frequency domain, it is common practice to derive the 
reference voltage for the difference amplifier from a second photodiode monitoring a 
suitably attenuated portion of the laser beam diiectly, as shown in figure 6.2. With a 
tight frequency lock the system exhibits strong rejection of laser intensity noise.
Laser
Reference
Cavity Difference
^A m plifier
DetectorVariable
Attenuator
Interferometer
Transmission
Î
frequency
Figure 6.2. The side-of-fringe locking discriminant for laser frequency 
stabilisation.
This stabilisation scheme is however, not without its problems. Non exact matching 
of the photodetectors may result in small electiical imbalances between the two arms of
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the detection circuit giving rise to long term frequency diift of the laser. Side-of-Fringe 
locking also displays a low tolerance to large laser frequency excursions, A frequency 
jump of as little as half the reference cavity linewidth is enough to throw the system out 
of frequency lock. This obviously becomes a severe problem when narrow linewidth 
cavities are used for high sensitivity.
Despite these short comings, this popular stabilisation technique has been 
successfully used on a wide variety of lasers ranging from dye to diode 
lasers' '^l'"!^,49,50,51 _ por example, Helmcke et al^5 stabilised a je t stream dye laser to a 
reference cavity with a finesse of 450 and a free spectral range of 900MHz and observed 
a short term rms linewidth of 1.8kHz relative to the frequency lock point.
6.2.2 Phase Sensitive Detection Locking.
The experimental aiTangement for this system is illustrated in figure 6.3. A small 
sinusoidal modulation, or "dither", is imposed on the fundamental laser frequency by, for 
example, a piezo mounted laser cavity mirror or an extra cavity phase modulator. 
Transmission through the reference cavity converts this frequency modulation into an 
intensity modulation which is detected by a photodiode. The amplitude of the resulting 
a.c. component of the photodiode output current depends on the magnitude of the slope 
of the interferometer transmission curve while its phase, relative to the original imposed 
laser modulation, depends on the sign of this slope. By processing this amplitude and 
phase information in a phase sensitive detector (P.S.D.) a zero crossing discriminant 
curve, approximately equal to the derivative of the reference cavity transmission 
function is foimed. See figure 6.3. The servo electronics supply an appropriate enor 
signal to the laser frequency transducer to maintain the P.S.D. output at the zero crossing 
point on the discriminant curve. This zero crossing point conesponds to the transmission 
peak of the reference cavity.
To obtain a large signal to noise ratio with this system it is desnable to use as large a 
frequency modulation depth as possible on the laser. However, if this modulation is too
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lai'ge , distortion of the discriminant can occur. For a high finesse optical cavity which
displays an approximately Lorentzian transmission line shape Nakazawa^^ has shown
that the maximum discriminator sensitivity can be obtained when the amplitude of the 
applied frequency modulation i s ^ ^  times the cavity linewidth. The frequency of the
applied modulation sets the upper limit on the bandwidth of the servo.
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Impressive stabilisation results have been demonstrated with this dither technique by 
Salomon et al^^. In their experiments two HeNe laser were stabilised to a high finesse 
reference cavity and were shown to have short term, relative linewidths of ^ 50mHz.
6.2.3 Limitations of Reference Cavities Used in Transmission Mode
The two main requirements for a high performance laser frequency servo system are 
that the fiequency discriminant has a large slope to give a good signal to noise ratio and 
that the feedback gain and hence the servo bandwidth are as large as possible to achieve 
maximum suppression of the laser frequency noise. For frequency discriminants based 
on transmission through passive optical cavities these two requirements cannot be 
satisfied simultaneously due to the finite cavity response time. In the extreme case where
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the frequency of the laser field incident on the reference cavity is fluctuating on a time 
scale much smaller than the cavity response time, changes in the intensity of the light 
transmitted thi*ough the cavity will not be a tme representation of the fluctuations in the 
incident light frequency but instead will be some time average of these fluctuations. 
Viewed in the frequency domain, the laser frequency noise sidebands lie outside the 
transmission bandwidth of the reference cavity and so will be blocked by the reference 
cavity. Since this high frequency noise information is not transmitted by the cavity, there 
is little to be gained by using a feedback loop with a bandwidth very much greater than 
the reference cavity linewidth and in fact the use of larger loop bandwidths only includes 
more noise in the feedback signal. Even with servo bandwidths similar to the reference 
cavity linewidth, problems still occur in maintaining servo loop stability because of the 
significant time delays (or equivalently phase shifts) introduced on transmission through 
the cavity at the upper end of the frequency response. This situation has been analysed in 
detail by Helmcke et al^5 for both side-of-fringe and dither locking techniques. They 
showed that even with carefully designed electronics to compensate for these cavity 
transmission time delays, the largest seivo bandwidth which could usefully be employed 
was around a factor of three greater than the reference cavity linewidth for side-of-fringe 
locking.
If instead, the frequency locking discriminant is derived from the reflection response 
of the reference cavity, the finite cavity response time need not limit the servo 
bandwidth. The signal reflected from the reference cavity is made up from two field 
components, one directly reflected from the cavity input mirror and the second due to 
leakage of the resonant circulating field within the cavity. Although for fast frequency 
fluctuations in the incident laser beam the circulating cavity field cannot respond, the 
frequency noise infonuation is still contained within the component directly reflected 
from the cavity input mirror. Therefore, an error signal can still be produced by 
compaiing the instantaneous phase of the dfrect reflection field to that of the time 
averaged cavity leakage field. Although the side-of-fringe and dither discriminants can 
be produced from the cavity reflection response they are not capable of extracting noise
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information from this high frequency "phase storage" domain of the cavity reflection. 
The only benefit to be gained by using these techniques in reflection mode is perhaps an 
improvement in signal to noise ratio^" .^ To fully exploit the phase storage mode of 
cavities in reflection, other techniques have been developed such as Pound-Drever 
locking^^ (which is analysed in detail in the following section) and a polarisation 
sensitive reference cavity method designed by Hansch et al^ .^
6.2.4 Pound-Drever Locking
In 1983 R.V.P. Drever and co-workers^^ introduced an extremely powerful laser 
phase and frequency stabilisation scheme based on an earlier microwave stabiliser 
proposed by R. V. Pound^'^. This Pound-Drever system, which uses the interaction of rf 
(radio frequency) phase modulated light with a resonant optical reference cavity in 
reflection mode, offers many clear advantages over more conventional stabilisation 
schemes. The most significant of these is the system's potential for very wide bandwidth 
control. With careful electronic design, the laser frequency conecting servo loop can be 
operated with a bandwidth approaching that of the imposed rf modulation frequency. By 
comparison, in frequency stabilisation schemes based on optical reference cavities in 
transmission mode, the servo loop bandwidth is limited by the response time of the 
reference cavity.
In addition to this wide bandwidth capability, the frequency discriminant generated 
by the Pound-Drever stabiliser provides a large “pull in” or “capture” range for the servo 
control. The size of this capture range is independent of the linewidth of the reference 
cavity and is defined only by the rf modulation frequency. Thus ultra-narrow linewidth 
reference cavities can be used to improve the sensitivity and hence the signal to noise 
ratio of the locking discriminant without adversely affecting the ease with which locking 
can be accomplished.
The signal to noise ratio of the Pound-Drever system is further enhanced through the 
use of phase sensitive detection at the rf modulation frequency to recover the error
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signal. This gives the system excellent resistance to any low frequency intensity noise 
present in the laser output.
Ultimately the level of frequency stabilisation achieved by any laser frequency servo 
will be limited by photon generated shot noise in the photodetection stage. In Pound- 
Drever locking this noise source is minimised since the servo system locks the laser 
frequency to the minimum in the intensity reflection response (one minus the Airy 
function) of the reference cavity.
Phase Faradayisolator
Mode matching 
lensmodulator
LASER AD*P
Frequency
Synthesiser
\ /  Photodiode
Servo
Amp. ^ /  Band pass W  Amp.
■B
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FWHM = 40kHz 
Finesse = 12,500
Double balanced 
mixer
Figure 6.4. A schematic representation of the Pound-Drever laser 
frequency stabilisation system.
The main components of the Pound-Drever locking scheme are shown in figure 6.4. 
The laser output at frequency v, passes through an optical phase modulator which is used 
to impose a sinusoidal phase modulation at some rf frequency, Vm, (typically several 
megahertz) on the optical carrier field. The instantaneous phase, 0 i, of the optical phase 
modulated wave is thus
= 2%vt + M sin 27Wmt 
= cot + M sin COmt (6.5)
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where co is the optical carrier angular frequency and cOm is the angular frequency of the 
applied modulation. M represents the peak deviation of the earner phase and is called 
the modulation index. Defining M = AVm/Vm. means that the instantaneous frequency, 
Vi, of the optical field is
1 dOt~  =  V + AVjn cos COjnt (6.6)2% dt
where Avm is the maximum deviation of the optical frequency from v. Using the above
expression for the instantaneous phase, the optical field emerging from the phase
modulator can be written in the form
j(cot+M sin cDmt)E = EqC (6.7)
where Eq is the field amplitude. Using the Bessel function identities ;
j(M  sin comt) /  j(nC0mt)e  = - w  Jn(M)en=-oo
Jn(M) = J-n(M) for even n
Jn(M) = -J-n(M) for odd n (6.8)
where Jn(M) are Bessel functions of the fiist kind of order n, equation (6.7) becomes
E = EoC ^ H oCM) + Ji(M) + J2(M)
+ Js(M) j(3C0mt) “j(3C0mf)lG - 6 J + ....J (6.9)
From this it can be seen that phase modulated light contains an infinite set of frequency 
components, or sidebands, symmetrically distiibuted around the optical canier
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frequency, œ. In practice, however, most of the power of the optical field will be 
contained within a finite number of spectral components and so only these significant 
sidebands need be considered.
For the pui*poses of the Pound-Drever locking scheme the modulation index, M, of 
the imposed rf signal is kept small (M<1). Under this condition over 99% of the optical 
power is contained within the carrier frequency, co, and the first two rf modulation 
sidebands at frequencies co-com and co+COm respectively^^. The phase modulated optical 
field is thus given by
E ~ EqCj w F  ' LJo(M) + (6.10)
The frequency spec h um of this phase modulated light beam is shown schematically in 
figure 6.5.
0.2
V - V ,
1.0 1.0
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Figure 6.5. Examples of frequency spectra for a signal sinusoidally phase
modulated at frequency Vm and with modulation index M (a) small, (b) 
large.
A key featui*e of this stabilisation technique is that the rf modulation frequency, Vm, 
is chosen to be gi*eater than the linewidth of the reference cavity. If the optical carrier is 
tuned to line centre of the reference cavity, the rf sidebands of the optical signal will be 
located spectrally well outside the cavity resonance and so will be unaltered on 
reflection from the cavity input minor. However, the cavity does modify the phase and 
amplitude of the optical carrier signal, disrupting the delicately balanced phase
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relationship between the carrier and modulation sidebands. This introduces an amplitude 
modulated (AM) component into the optical field retro-reflected from the reference 
cavity. Detection of this AM signal on a photodiode and subsequent demodulation of the 
resulting photodiode output generates the error signal for the system.
A Phaser Description
An appreciation of how the error signal is generated and of the overall system 
response can be gained by considering the interaction of the if  modulated laser output 
field with the reference cavity in terms of phasor diagiams.
The initial if  phase modulated optical field of equation (6.10) can be depicted in 
phase space as a composite of the carrier phasor of magnitude EqJo(M) and two counter 
rotating phasors, each rotating at COm and of magnitude EoJi(M), representing the upper
First sideband pair 
of magnitude EoJl(g^ 0
COm
Im COm
0.5
Canier 
of magnitude Eo
-------------- ^R ecot
-0.5
Figure 6.6. A phasor representation for a frequency/phase modulated 
signal (carrier) where the modulation angular frequency is cOm and the 
modulation index M is small (M<1). Note that the resultant (— «^ ) of the
two sideband phasors is of magnitude 2EoJi(M) sin cOmt and is always k/2 
out of phase with the carrier. This whole system of phasors is rotating at
the angular fiequency of the caiTier, co.
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and lower modulation sidebands. The resultant of these two sideband phasors is always 
7t/2 out of phase with the canier phasor. This whole system of phasors is of course 
rotating about the origin at co, the angular* frequency of the optical carrier (See figure 
6.6).
Reflection of this light from the reference cavity gives rise to a resultant optical 
signal composed of two field components. One component, Ej-efi, is just the incident 
optical field directly reflected from the input minor of the reference cavity and is given 
by rE where r is the amplitude reflectivity of the cavity minor. The second field, Eieak. is 
due to leakage through the cavity input miiTor of any circulating field within the cavity, 
shown in figure 6.7.
L
E-*n
'total <n leak H T )
optical Cavity
Figure 6.7. The optical fields returning fr om the reference interferometer.
The total optical field returning from the cavity for a monochromatic wave of frequency 
CO is thus
Etotal= Erefl +  Eieak =  EqC
j(œt) ri
l-rir '2  e-j(cox)
(6.11)
where;
2L% = —  -  Cavity round trip time for cavity of optical path length L 
ri,r'2  = Cavity mirror field amplitude reflectivities
ti =Cavity minor field amplitude transmission. Assuming no losses then t^ = (l-r*2).
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Etotal — EqC (r+r3)(l-cos cot) . (r-r3)sin cot+ JlH-r^-2r  ^cos cot l+r^-Zr^ cos cot (6.12)
Im Erefl
0.5'Eleak
CO
Im Etotal
0.5
-0.5
(a) (b)
0
Figure 6.8. A phasor diagram of equation (6.11) describing the optical 
fields returning from a passive optical cavity. The ellipse shown in (a) 
represents the locus for the ^eak phasor as the frequency of the input 
optical field is swept thiough a free spectral range of the reference cavity, 
(b) shows the resultant, ^otai> of the Eje^k and phasors. Again the 
ellipse indicates the locus for as the input field frequency is swept 
thieugh the reference cavity free specti'al range.
A phasor representation of equation (6.11) is shown in figure 6.8 for the case of non 
phase modulated light. The locus swept out in phase space by the %^k phasor, as the
input optical fiequency is vaiied, is also indicated on the diagram.
Figure 6.9 shows the same situation but this time with the phase modulation present. 
Remembering that the rf sidebands lie outside the cavity resonance the resultant field 
retuining from the cavity may be written as
E = EqCj(C D t)f  (r+r3)(l-cos c o t )\  l+rii-2r2 cos COT
(r-r3) sin cot
l+r^-2r2 cos c o t + 2Ji(M) sin cOmt (6.13)
The photodiode receiving this signal is sensitive to the iiTadiance, I, of this signal
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EE' Eo2
(r + r 3 ) ( l-c o s  cox) 
l+r^-2r^  c o s  c o x .
+ 4Jx(M)2 sin2 COrnt +
+ (r-r3)sin cox
c o s  cox
4Jj(M) sin  cOmt - (r-r^) s in  cox 
c o s  cox
(6.14)
.COm
Im COm I
Eleak
Erefl
-0.5,
(a)
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0.5 E to ta l
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Figure 6.9. This diagi*am illusti’ates the reflection response of the optical
reference cavity to phase modulated light. The Modulation frequency, Vm, 
is set to be larger than the linewidth of the reference cavity and so the 
modulation sidebands are reflected from the cavity input mirror 
unaltered.(b) shows the resultant, of the phasors illustrated in (a).
See also figures 6,6 & 6.8.
A bandpass filter centred on frequency cOm filters the photodiode output to remove 
unwanted components at DC and 2cOm. This filtered output, containing only signals at 
COm, is passed to the double balanced mixer where it is mixed with sin comt to generated 
sum frequency (2cOm) and difference frequency (DC) terms. Only resulting DC terms 
need be considered since higher frequency terms do not contribute to the useful error 
signal and can be removed by appropriate filters. The eiTor signal output from the 
balanced mixer is thus
BALANCED MIXER OUTPUT (r-r3)sin  cox 
l+r^-2r^  c o s  cox
(&15)
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This function has been plotted in figui'e 6.10 for various values of mirror reflectivity. As 
can be seen from the form of this curve, the error signal is an approximately linear 
function of frequency between the two turning points occurring at values of cox of
COX(tummg point) =  COS’  ^ ( i h S ) (6.16)
For frequency excursions outside this range it can be seen from the gi*aph that the eiTor 
signal becomes nonlinear but still retains the appropriate sign to enable the servo system 
to return the laser frequency to the centre of the cavity resonance.
1
0
1
q-0.50 q-0.25 q+0.25 q+0.50q
Cavity Round-Trip Phase Shift, cox 
(2tc rads.)
F igure 6.10. The error signal described by equation (6.15) for various 
values of reference cavity mirror reflectivity.
T he gradient o f  the eiTor signal in the vicin ity  o f  cavity resonance (cox -  q2n : 
q=large integer) is a measure o f the frequency sensitivity o f  the system  and increases 
w ith increasing cavity miiTor reflectivity. This gradient is g iven  by the differential o f  
equation (6.15) evaluated at cox =  qln
d(Mixer Output) 
d(cox)
(r-r3)
0)T=q27r (l+r^“2r^) (6.17)
The above analysis assumes that the frequency of the light incident on the reference 
cavity is changing on a time scale gi'eater than the cavity build-up time. For a more
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complete understanding of the behaviour of this locking scheme the response of the 
system to frequency fluctuations of the incident optical field on time scales shorter than 
the reference cavity build-up time must also be considered.
In considering the system response to "fast" frequency fluctuations the assumption 
may be made that the optical canier frequency is coincident with line-centre of the 
reference cavity. This assumption is valid since for "slow" frequency fluctuations the 
system can generate an appropriate error signal for the seiwo system to maintain the 
optical canier on resonance with the cavity. Without loss of generality, the fast 
frequency fluctuations can be represented by an FM component of frequency Vn and of 
maximum frequency excursion, AVn, from the cairier frequency. Combining this FM 
noise tenn with the original rf phase modulated cairier (see equation 6.6) gives the 
instantaneous frequency of the optical wave as
Vi = V + AVm cos COmt + AVn cos (Ont (6.18)
where cOn = 2%Vn = angular frequency of the FM noise. Since the instantaneous phase, 
Oi, is related to Vi through
= (6.19)
integration of equation (6.18) produces
Oi = cot + sin (Omt+ sin (Ont (6.20)Vm Vn
and so the complex representation of the wave is
j(cot + M sin cOmt + N sin (Ont)
E = EqC (6.21)
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As before, M = is the modulation index of the rf phase modulation and similarly, 
Vm
N = is the modulation index of the noise frequency modulation.
Vn
1.0
Af=0.4
9^= 0.2
v-v,„ v+Vm
1 v-Vn 1 1 T  1. 1 . 1 — 1---------- 1— 1— 1—w
v-Vm v-Vj^ +Vj^  Y
Frequency
Figure 6.11. Frequency spectrum of a signal (of fundamental frequency v) 
under the influence of two small sinusoidal phase/frequency modulations 
at frequencies Vm, Vn of modulation index M, N respectively.
Using the Bessel function identities of equation (6.8) and restiicting N<1 so that only 
the first two noise sidebands are significant, then equation (6.21) becomes
jCOt j(CO+COn)t j(CO-OJn)tE = Eo Uo(M)Jo(N) e + Jo(M)Ji(N) e - Jo(M)Ji(N) e
(6.22)
Figure 6.11 shows the frequency spectmm described by equation (6.22). The phasor 
representation of equation (6.22) is illustrated in figure 6.12. Also shown on this diagiam 
is the phasor for the leakage field, l^ eak’ A'om the reference cavity when the laser canier 
frequency, v, matches a resonance frequency of the cavity.
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( 2EoJl(gH)Jl(fAÛCOS (œm+Cùt^ 
(^2Eo J1 1 (!AOcos(COm- COii^ — '
2EoJo(5\0Ji(i^)sin
2Eo Jo(5W) Jl(iA{)sin
Figure 6.12. A phasor picture of the optical field of Equation (6.22) after 
the field has been reflected from the reference cavity. The frequency of the 
input optical field is chosen to match a resonance of the reference cavity. 
Assuming no losses in the cavity then cancels with Ej-gfl leaving only 
the sideband phasors.
Assuming, for simplicity, that there aie no losses in the system, the leakage field 
from the cavity, and the reflected caiiier field, E^ gf], will cancel each other
completely on resonance. From the phasor diagram of figure 6.12 the residual field 
returning from the reference cavity will be
j(œt)E = Eoe { 2Ji(M)Ji(N) [cos (C0m+C0n)t - cos (cOm-COn)t]
+j-2 [Jo(M)Ji(N) sin cOnt + Jo(N)Ji(M) sin cOmt] } (6.23)
As before, the photodiode generates a current proportional to the intensity. I, of this 
optical wave.
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_  EE* I o« -TT—
= Eo^ { 2Ji(M)2Ji(N)2 [cos2(C0m+03n)t - cos2(0)ni-0)n)t - cos2 c0nit - cos2cOnt]
+ 4 [Jo(M)2Ji(N)2 sin2c0nt + Jo(N)2ji(M)2 sin2cOmt 
+ 2Jo(M)Jo(N)J1 (M)J1 (N) sincomt* sincont ] } (6.24)
As before, the bandpass filter centred at cOm selects only those components of this 
photodiode output which have frequencies close to cOm- Providing that cOn is small 
enough so that œm+cOn is not blocked by the bandpass filter, then subsequent 
demodulation of this signal with sin(œmt) in the double balanced mixer followed by low 
pass filtering (to reject 2cùm) results in an output of the form
MIXER OUTPUT «  Eo%o(M)Jo(N)Ji(M)Ji(N) sin cOnt (6.25)
If N is very small («1) then the Bessel functions Jo(N) and Ji(N) can be approximated by 
their fu*st order expansions ;
NJ o (N ) « la n d J i ( N ) » f  (6.26)
and so
MIXER OUTPUT -  N sin cOnt
^  sin COnt (6.27)Vn
This is just the instantaneous phase of the original FM noise modulating the laser 
output. See equation (6.20). So, in this operating regime, where the frequency noise 
sidebands lie outside the cavity resonance, the system behaves as an optical phase 
detector. The error signal generated is proportional to the instantaneous phase difference 
between the light incident on the reference cavity and the light field (at the optical
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cailler frequency) leaking fr om the resonant cavity. Since the instantaneous phase of the 
optical wave is proportional to the time integral of the instantaneous frequency, the 
system can alternatively be thought of as an optical integrator.
This "optical integiator" effect must be taken into consideration when designing the 
electronic feedback network. If the full bandwidth of the system is to be exploited then it 
may be necessaiy to compensate for the tc/2 phase shift associated with the optical 
integration behaviour in order to avoid servo loop oscillation due to excessive closed 
loop phase shifts.
From the above phasor analysis the overall system response to an optical field of 
instantaneous frequency
Vi =  V + AVn cos COnt (6.28)
containing a single FM noise component of frequency Vn, can be summarised by the 
following table.
AVn < AvhWHM AVn > AvhwHM
Vn < AVhWHM ERROR SIGNAL «= FREQUENCY OF NOISE COMPONENT 
AVn COS(COnt)
NONLINEAR
RESPONSE
Vn > AvhwHM ERROR SIGNAL «= PHASE OF NOISE COMPONENT
sin(COnt)
Vn
NONLINEAR
RESPONSE
Avhwhm refers to the reference cavity half widtli at half maximum linewidth.
A Mathematical Description
The previously outlined phasor analysis of the Pound-Drever locking system gives 
the form of the error signal for the two extreme cases:
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1) laser FM noise frequency « cavity linewidth,
2) laser FM noise frequency » cavity linewidth.
A more comprehensive description of the error signal for laser frequency/phase noise of 
small modulation index (N<1) can be obtained by combining the expression for the
modulated optical field, equation (6.22), with the cavity reflection response given by
equation (6.11). Calculating the intensity of the resulting field retro-reflected from the 
reference cavity and then demodulating this signal with sincOmt gives an eiTor signal of 
the form:
2 sin COT sin(co+c%))x sin(co-(%)x
D D+ D"
+ J„(M) Jo(N) Ji(M) Ji(N) ifr, r j 2 ^  sin(%t) + 2 ^  sin(co„t)
}in[(œ+C0m)x+c%t] sin [((0+(0m )x-% t]- sin[(co-(Om)x+% t]1 .■—  smD+
1 r 1 I'll'o ri Xn+ — sin[(co-(%)x-q4j + 2 —  sin(%t) + 2 ^ |^  sin(%t) 
+ 2 “ ^  sin[(o3+c0n)x-C0nt] - 2 sin[((o-%)x+%t]
^  sin[(co+cOn^+cOn)x-qt] + ^  sin[(co+o)m-(%)x+%t] 
^  sin [(0)-C%+C0n)X-%t] + s^in[(CO-COm-COh)X+COnt]
+ 2 ^  sin [cox+cqt] - 2 ^  sin [cox-cqt] - 4 -^ ^ s in  (co„t)
+ higher order terms (6.29)
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where
D =  1+ rji2  - 21*112 cos(cox),
D"*" = 1 + 1^  - 21*11*2 cos(co+% )x,
22D~ =  1+1^1  ^- 2rir2cos(o)-(% )x,
D""*" =  1+ I'j]^  - 2 rii*2 cos(0)+ q )x ,
D ”~ =  1+ r^ *2 - 21*11*2 cos(co-c%)x,
-  1+  2 i*i1*2 cos(C0+cqn+C0n)x,
= 1+ I'ji^ - 2 rii*2 cos(co+c%y-cq)x, 
D"^= 1+ rji*2 - 2i*ir2 cos(co-%+cOn)x,
2 2D " = 1+ ip*2" 2i*ii*2 cos(co-% -cq))x
A full derivation of this equation can be found in Appendix A. The behavioui* of the 
enor signal described by equation (6.29) is best understood by considering the following 
three cases.
Case 1 » Error signal as a function of optical carrier frequency.
By setting Avn=0 (i.e. modulation index N=0 and so Jo(N)=l, Ji(N)=0) the 
contribution to the eiTor signal from the noise component can be removed. In this case, 
equation (6.29) simplifies to
2 sin cox sin(co+(%)x sin(co-cqn)x (6.30)
175
Chapter 6
which is the error signal due purely to detuning of the laser frequency, v, from the
resonance frequency of the reference cavity. The first term in the above expression is the 
error signal generated when the laser carrier frequency, v, is in the vicinity of the 
reference cavity resonance frequency. This tenn is of the same form as equation (6.15) 
derived earlier. The second and third terms of equation (6.30) are contributions to the 
eiTor signal due to interaction of the upper and lower sidebands of the optical signal with 
the reference cavity respectively.
1III
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Figure 6.13. Theoretical calculation of the Pound-Drever error signal as a 
function of detuning between the laser frequency and the resonance frequency of the reference inteiferometer.
mirror amplitude reflectivity, ri, i*2 = r 0.99987
mirror amplitude Uansmission, tj (l-r2)
cavity length, L 0.3m
free specttal range, A vfsr= ^ 500MHz
finesse, 7 -  o 1-r^ 12,500
cavity resonance FWHM 40kHz
rf modulation frequency, IMHz
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In figure 6.13, equation (6.30) has been plotted as a function of laser carrier angular 
frequency, co, (or equivalently as a function of reference cavity round trip phase shift, 
cox) for an ultra high finesse reference cavity having parameters as listed above.
Figure 6.13 illustrates the "ideal" nature of the locking discriminant, or rf fringe, 
generated by this locking technique. The curve has a zero-crossing, high slope region 
centred on the cavity resonance giving high sensitivity to frequency off-sets between the 
laser frequency and the reference cavity resonance. This frequency discriminant also 
provides a signal of appropriate sign over a range of 2Vm around cavity resonance to 
enable the frequency servo system to pull the laser frequency into resonance with the 
reference cavity from any frequency off-set within this 2Vm frequency range.
Case 2 - Frequency Modulation (FM), AcOn=const.
In studying the effect of a small FM noise component on the error signal, the laser 
caiTier frequency, v, can be assumed to be coincident with line centie of the reference 
cavity resonance through the action of the eiTor signal described in Case 1. Under this 
condition cox=q27t : q=integer and so the error signal described by equation (6.29) 
reduces to
I oo ^  J„(M) Jo(N) Ji(M) J,(N) rjj s i n ^ t )
^  !D ’ ^  ^  cos(o)nT) +  ^  cos(COm+CO„)x +  ^  C0 s(0)m-(%)xl
+ cos(co„t) ^  sin(cD„x) - ^  sin(C0n,+0)„)x sm(cOm-coi,)x |
(6.31)
This expression indicates that the error signal is composed of two components. The 
cos(cont) term is in phase with the original FM noise signal while the other component in 
sin(cont) represents a contribution to the error signal in phase quadrature. The
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coefficients of these two components have been plotted as a function of noise frequency,
Vn, for AVn=100Hz and «1. See figure 6.14.
Vn
reference cavity 
HWHM (20kHz)in-phaseterm
a> Ç
in-quadrature 
term
FM Noise Frequency (Hz)
F igure 6.14. The in-phase and in-quadrature terms in the Pound-Drever 
error signal generated in response to FM noise.
This log - log plot shows that for noise frequencies less than the half width at half 
maximum (HWHM) frequency of the reference cavity (20kHz in this case), the eiTor 
signal is dominated by the in-phase, cos(cOnt) term which is initially constant. For noise 
frequencies much greater than the cavity half width this in-phase teiTn rolls off with a 
gradient of -2 (or equivalently -12dB/octave) and is superseded by the in-quadrature, 
sin(cont), term which rolls off with a slope of only -1 (-6dB/octave). The cross over 
between these two components occurs at the HWHM of the cavity resonance (20kHz in 
this example).
Figures 6.15(a)&(b) show the magnitude and phase respectively of the overall enor 
signal as a function of FM noise frequency. The form of this error signal can be 
understood in the following way. For noise frequencies much less than the reference 
cavity HWHM resonance the optical field circulating within the cavity is able to follow 
the frequency fluctuations of the input field and so the resulting error signal from the 
system is in phase with the original disturbance. Because the maximum frequency
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Figure 6.15. (a) Magnitude and (b) phase of the Pound-Drever enor signal 
as functions of FM noise frequency.
excursion, AVn, is constant the magnitude of the enor signal also remains constant as the
noise frequency changes. However, for noise frequencies much greater than the cavity
resonance half width the circulating field in the cavity is no longer able to track
variations in the incident field. The field circulating in the cavity now represents a time
average of the input field where the averaging time is of the order of the cavity response
time. In this regime the erTor signal generated represents the instantaneous phase
difference between the time averaged field stored in the cavity and the input field.
NProvided that N«1 so that to first order Jq(N) ~ 1 and Ji(N) the system now acts as 
an optical phase detector giving an error signal
I oc N Sin(cont) (6.32)
as shown previously in equation (6.27). The dependence of N on 1/Vn in equation (6.32) 
causes the eri'or signal to roll off with a slope of -1 in the log - log plot of figure 6.15(a).
Case 3 - Phase Modulation (PM), N=const.
The form of the enor signal generated by phase noise on the laser output can easily
be studied using equation (6.31) by setting the noise modulation index N=const (<1). In 
figure 6.16 the coefficients of the cos <%t and sin Ont components have been plotted as
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functions of noise frequency, Vn, for N=0.1 over the noise frequency range 1 kHz - 
300kHz. For noise frequencies below the reference cavity HWHM (20kHz) the cavity 
reflection response is sensitive to the instantaneous frequency of the laser output and so 
the eiTor signal is dominated by the cos % t (frequency) component of equation (6.31).
This frequency component rolls on with a slope of +1 on the log - log plot of figure 6.16
due to the linear* dependence of Avn on Vn for phase noise.
-110 reference cavity 
HWHM (20kHz)
term
in-phase
term
00 d
o M
10 10“  10 '  
PM Noise Frequency (Hz)
Figure 6.16. The in-phase and in-quadrature terms in the Pound-Drever 
eiTor signal generated in response to PM noise.
For noise frequencies above the HWHM linewidth of the reference cavity the system 
crosses over to its phase detector mode of operation and so the eiTor signal becomes 
constant as a function of phase noise frequency. Figure 6.16 shows that the cross over 
between the cos cOnt (frequency) and the sin cOnt (phase) components of the enor signal 
of equation (6.31) occur s at the cavity HWHM frequency of 20kHz.
Figures 6.17(a)&(b) illustr*ate the overall magnitude and phase of the eiTor signal due 
to the two components plotted in figure 6.16. As with Case 2, there is a smooth 
transition in both the error signal's phase and magnitude as the system moves between 
its frequency sensitive and its phase sensitive operating regimes.
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Figure 6.17. (a) Magnitude and (b) phase of the Pound-Drever error signal 
as functions of FM noise frequency.
Pound-Drever locking and Absolute Frequency Referencing
The technique of Pound-Drever locking may be easily extended to enable lasers to 
be frequency locked and referenced to rf or microwave standards. A scheme to 
implement this absolute referencing was realised in 1984 by De Voe and Brewer^^ and 
consists of two Pound-Drever locking systems operating in tandem. See figure 6.18.
PhsM M odulators Optical
C irculator Piezo
Z h - o ~ ( H E talonLaser
S y n th e -
sizeri LSB RF
am p.
DBM
Laser 
Lock ■ 
Signal
E talon 
Lock ' 
SignalServo
am p.
Servo
am p.
Figure 6.18. Block diagram of an optical-frequency divider showing two 
servo loops where the laser is locked to a reference cavity and the cavity to 
a radio frequency standard. LSB denotes a mixer and filter and DBM is a 
double balanced mixer. (Diagram from ref. 16)
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As with the conventional if  locking technique, the laser output at frequency oDq is 
passed through a phase modulator driven at frequency coi. This generates sideband 
components in the optical frequency domain which lie outside the reference cavity 
linewidth. The light beam reflected from the reference cavity is detected on a photodiode 
and the resulting photocurrent signal is demodulated with coi to yield the familiar eiTor 
signal of the Pound-Drever locking scheme. In this absolute referencing system, 
however, the laser output passes through a second phase modulator driven by the 
if/microwave standard at frequency (0 2  . This leads to the generation of sidebands (in the 
lowest order) at frequencies (O0+CO2 , C0o±coi±C02 in addition to the fu'st set of sidebands at 
Cûo±û)i. The length, L, of the reference cavity is chosen so that the cavity's free specti'al 
range, c/(2L), equals some sub-multiple of frequency C0 2 . By detecting the reflected light 
beam from the cavity and this time demodulating in a balanced mixer with the frequency 
CÛ1+CÛ2 or CO 1-0)2 an error signal is generated which depends on the detuning of the 
reference cavity free spectral range from the rf/microwave standaid frequency C0 2 . Thus 
the reference cavity length can be servo locked via this error signal to the rf/microwave 
standard. Locking the laser output frequency in turn to this reference cavity by means of 
the first Pound-Drever locking loop means that the optical frequency is related to the 
frequency of the rf/microwave source by the expression
CDo = 00)2 (6.33)
where n is the order of the cavity fringe to which the laser frequency is locked.
With optimised sei*vo loop design this technique should allow lasers to be absolutely 
frequency referenced with an accuracy approaching that of the if/microwave standard. 
Conversely, the technique will enable rf or microwave sources to be frequency 
referenced to future high precision optical frequency standards.
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6.3 Laser Linewidth Limit Under Servo Control
An estimate of the laser linewidth limit under active servo control has been carried 
out by Day et aP9 using the schematic representation of a laser frequency stabilisation 
loop shown in figure 6.19.
Laser
Laser frequency noise 
spectral density, SLaser
Servo electrical noise 
spectral density, SServo
Discrininant electrical noise 
spectral density, SDiscriminat
Electronic Seivo Control 
with gain, G
Frequency Control 
Transducer with slope, 
K (Hz/Amp or Volt)
Laser
Frequency Discriminant 
with slope, D (Amps or 
Volts/Hz)
F igure 6.19. Block diagram representation of a general active laser 
frequency stabilisation feedback loop.
In figure 6.19 the frequency to electrical conversion slope of the discriminant is D 
(in units of volts/Hertz or Amps/Hertz), the gain of the servo is G and the elecüical to 
frequency slope of the frequency transducer is given by K (Hertz/Volt or Hertz/Amp), 
To model the various noise sources within the loop (i.e. the laser frequency noise and 
electrical noise in the discriminant, servo amplifiers and frequency transducer), the 
appropriate noise spectral density terms Slaser, Sdiscriminant, Sservo, are added at the 
relevant points around the loop. The noise spectral density terms for the frequency 
tiansducer and the laser itself can be combined in the one term, Siaser, since noise added 
by the transducer manifests itself directly as frequency noise in the laser.
Using standaid control systems theory®  ^the closed loop linear spectral density of the 
laser fiequency noise can be shown to be
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^  (KSservo)^ +  (KGSdiscriminant)^
^closed-loop ~  l+K G D  (6.34)
(Note: the linear spectral density is equal to the square root of the sum of the individual 
power spectral densities). If the gain, G, of the servo loop can be made large enough, 
equation (6.34) is reduced to
c ,  _  ^discriminant / a^closed-loop “  p) ( o . j j )
indicating that the intrinsic frequency noise of the laser, together with any contiibution 
from electi'ical noise in the servo have been completely suppressed over the seivo 
bandwidth. Thus, under maximum active control, the laser noise is determined by the 
noise and slope of the discriminant.
Under ideal conditions the only inescapable noise soiuee in the discriminant is due to 
photocurrent generated shot noise in the output of the photodetector and so this 
determines the fundamental limit to the laser linewidth reached tluough active control. 
If, under locked conditions, a fraction a , of the laser output power P, is incident on the 
photodetector then a photocunent ip is created such that
TjeaP
ip = T  (6.36)hVL
where V[ is the detector quantum efficiency, e is the electionic chai'ge and Vl is the laser 
output frequency. This photocurrent leads to a shot noise current with a specti'al density 
S discriminant
^discriminant — V2eip
(6.37)
hVL
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For a discriminant based on a resonance feature of say a passive optical cavity or an 
atomic species, the frequency to electrical signal slope of the discriminant will in general 
be proportional to the laser output power and inversely proportional to the resonance 
linewidth, AVres- So for such a discriminant the frequency to cunent conversion, D, can 
be represented by
D  =  p . — (6.38) 
AVres hVL
P is a constant of proportionality and depends on die stabilisation technique used.
The lower limit to the laser frequency noise spectral density can now be calculated 
by substituting (6.37) and (6.38) into (6.35) to get
Sclosed-loop = ^  (6.39)\  riaP
Elliott et al^i have shown that if the root-mean square (rms) of the frequency deviations 
due to a white noise source are lar ge compared to the measurement bandwidth, then the 
observed laser spectrum has a Gaussian profile with a linewidth, Ôv, proportional to the 
rms frequency deviations. Under this condition, the shot noise limited linewidth will be
where the relevant bandwidth, B, is the bandwidth of the ser*vo loop. This is the 
commonly quoted form of the shot noise limited laser linew idth under servo 
controPh45,62 poi* a high performance laser frequency serwo, however, a more realistic 
situation would be where the rms frequency deviations due to shot noise are small 
compared to the servo bandwidth. In this case the spectral lineshape of the laser 
emission is Lorentzian with a linewidth given by (Elliott et al^O
5 v l  = TtS^  (6.41)
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where S is the spectral density of the white noise. So the ultimate shot noise limited laser 
linewidth under active stabilisation will be
The dependence of the shot noise limited laser linewidth on (Av)2 highlights the 
importance of using a discriminant based on a naiTow resonance feature.
In a well designed laser stabilisation system the shot noise limit to the laser linewidth 
may be in the region of only a few millihertz, often well below the Schawlow-Townes 
limit. In some recent laser frequency stabilisation experiments staggering levels of laser 
stability have been achieved with laser linewidths approaching their shot noise limit. For 
instance, by using phase sensitive detection locking (see section 6.2.2) to lock two HeNe 
lasers to adjacent transmission orders of a high finesse optical cavity, Salomon et al^3 
measured a relative frequency stability between the two lasers which corresponded to a 
linewidth of only -50mHz for each laser. In a similar type of experiment by Day et al^ ^^  
a heterodyne linewidth of 330mHz was recorded between two diode laser pumped 
Nd:YAG lasers locked to a high finesse reference cavity using the Pound-Drever 
technique. This linewidth value was only about an order of magnitude greater than the 
estimated limit due to electronic noise in the system. Shoemaker et al^3 also used Pound- 
Drever locking to lock their diode pumped Nd:YAG laser to a high finesse cavity. By 
measuring the noise spectral density of tire output signal from the frequency discriminant 
they calculated the linewidth of their laser to be of the order of ImHz, close to the 
expected shot noise limit for their system and over two orders of magnitude lower than 
the predicted Schawlow-Townes limited linewidth.
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EXPERIMENTAL IMPLEMENTATION OF 
POUND-DREVER LOCKING 
7.1 Experimental Details
Using the Pound-Drever locking system described in Chapter 6 and illusti*ated in 
figure 6.4, the diode pumped, twisted mode Nd:YAG laser was fiequency stabilised to a 
custom built ultianaiTow linewidth (FWHM~40kHz) optical reference cavity. The 
following sections detail the various elements of the stabilisation experiment and the 
level of laser frequency stability achieved using this system.
7.1.1 Phase Modulation of the Laser Output
The compressed and collimated output beam from the laser was phase modulated at 
approximately IMHz via a four crystal, AD*P, transverse field electro-optic (EO) 
modulator (Gsanger model LM0202-IR). The choice of modulation frequency in this 
case was mainly determined by the frequency limitations of the rf oscillator used. 
Ideally, phase modulation should be added at a frequency where the laser output 
intensity is shot noise limited because the Pound-Drever system is susceptible to 
intensity noise around the phase modulation frequency. Work by T. J. Kane^ on intensity 
noise in monolithic diode pumped single frequency Nd:YAG lasers has indicated that for 
such lasers the photoelectric shot noise limit is reached at frequencies greater than 
20MHz for photodetector cunents up to 4.4mA. So for optimum performance of this 
locking technique in diode pumped NdiYAG laser systems, phase modulation 
frequencies of at least a few tens of megahertz should be use.
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An indication of the amplitude of the voltage signal required to drive the EO 
modulator can be calculated from
V 7CY ^ X 2  = M (7.1)
where V is the drive voltage amplitude, Vjc is the modulator half wave voltage (voltage 
requiied to produce a k phase shift between the components of the optical field along the 
fast and slow axes of the modulator) and M is the desiied phase modulation index. For 
instance, the phase modulator used in these experiments had a measured half wave 
voltage of (321+ 4)V and so to achieve a modulation index of 0.5 would require a drive 
signal with an amplitude of about lOOV. Drive voltages up to this level were 
conveniently generated by multiplying the output voltage from a conventional low 
voltage (lOV amplitude into IM Q load) rf oscillator using a hand wound step-up 
transformer. With this arrangement however, the ahnost purely capacitive load of the EO 
modulator, in conjunction with the inductance of the ti'ansformer secondary coil, forms a 
tuned LC circuit which must be made to resonate in order to develop the maximum 
voltage across the modulator. Through a process of trial and error a transformer was 
wound with suitable secondary inductance to cause resonance at around IMHz, whilst 
providing adequate voltage multiplication (-10:1). Fine tuning of the LC resonance 
frequency was accomplished by varying the insertion depth of a ferrite core into the 
cylindrical coil former of the transformer. Using this phase modulator drive circuitry a 
phase modulation index of between 0,4 and 0.5 could be applied to the laser beam with 
modulation frequencies tuneable from 470kHz to 1.055MHz.
Careful alignment of the EO modulator was found to be critical in order to prevent 
the modulator contributing any intensity modulation to the laser beam. The presence of 
intensity modulation added in this way leads to undesirable offsets in the demodulated 
error signal. To align the modulator, the device was initially set up as an intensity 
modulator between crossed linear polarisers and then rotated about its optical axis until
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the intensity modulation was minimised. Any residual intensity modulation could then 
be removed by small angular adjustments of the modulator axis.
7.1.2 The Optical Isolator
After the phase modulation had been added to the laser beam, the beam was passed 
through a Faraday effect optical isolator before finally being mode matched into the 
ultrahigh finesse optical reference cavity. The isolator served the dual functions of 
protecting the laser from the perturbing effects of optical feedback and also redirecting 
the retro-reflection from the on axis reference cavity towai’ds the fast photodetector at 
the input stage of the frequency stabilisation electronics.
7.1.3 The Ultra-Narrow Linewidth Reference Cavity
One of the benefits of the Pound-Drever laser frequency locking technique is its 
ability to easily lock on to the very sharp resonance features of high finesse reference 
cavities. As discussed previously in section 6.3 the use of very sharp frequency 
references in laser frequency stabilisation schemes is highly desirable since the 
fundamental shot noise limited laser linewidth possible under active control is 
proportional to the square of the optical reference cavity linewidth^^. To take advantage 
of this property, an ultra-naiTOw linewidth optical reference cavity was constructed 
which displayed a finesse of -12,500 and a full width at half maximum instrumental 
linewidth of only 40kHz. The specialised mirrors, supplied by Newport Corporation 
(Fountain Valley, California, U.S.A.), used to attain such a high cavity finesse aie 
manufactured using advanced substrate polishing techniques and ion beam sputter 
coating to achieve miiror reflectivities in excess of 99.99% and losses of the order of 50 
parts per million^.
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Cavity Geometry
The two concave mirrors forming this symmetric high finesse reference 
interferometer were mounted on top of a 50mm diameter invar bar which functioned as 
an optical rail. This mechanical design enabled the minor separation to be easily altered 
whilst providing adequate mechanical stability. Coai’se adjustment of the cavity length 
was accomplished simply by sliding the gimbal mount holding the cavity output minor 
along the invar rail. For finer control over the minor spacing the bracket supporting the 
cavity input minor was mounted on a lineai* tianslation stage which had a positioning 
resolution of 0.5|am. The steel bracket holding the cavity input minor was designed such 
that it, in conjunction with the steel translation stage, gave some thermal compensation 
for temperature induced length changes in the invar bar. Angular alignment of the 
resonator was provided by the two-axes gimbal miiror mount.
To simplify beam alignment into such a high finesse optical cavity, the cavity was 
initially set up in the confocal geometry with the two 300mm radius of curvature minors 
spaced 300mm apart on the invar bai\ The transverse modes of such a cavity are 
degenerate in frequency and so the requirement for selectively exciting only one 
transverse mode (mode matching) is greatly relaxed^. This freedom from mode matching 
is however at the expense of precise setting of the miiror spacing. The amount of 
mismatch, e, from exact confocal miiror spacing which can be tolerated before 
transverse mode frequency degeneracy is noticeably lost can be calculated from the 
standard resonance expression for a symmetirc spherical mhror cavity;
Vmnq =  ^  cos-1 (7 .1 )
where Vmnq is the resonance frequency of the TEMmnq cavity mode with q being the 
longitudinal mode number and m and n being the transverse mode numbers. L is the 
mirror separation and r the miiror radius of cuiwature. For an exactly confocal cavity
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(L~r) the resonance frequency for a general TEMmnq cavity mode can be expressed in 
teiTOs of the lowest order transverse mode frequencies as
Vmnq = for (m+n) even
(7.2)
Vmnq = for (m+n) odd
and so the interferometer is said to be two-fold mode degenerate. If the miiror spacing is 
then adjusted off exact confocallity by a small amount e, such that L=i+e, the equalities 
of equation (7.2) will no longer hold and a small frequency difference, Av, will be 
introduced. Providing that Av does not exceed the minimum resolvable frequency 
inteiwal of the interferometer the cavity will remain mode degenerate. This sets an upper 
limit on the amount of cavity detuning, e, which can be tolerated. If, for convenience, the 
minimum resolvable frequency interval of the interferometer is defined as the 
transmission FWHM (this is similai* to the Rayleigh criterion) then the maximum 
permissible detuning of the cavity length is
lei max = ^^r (m+n) even
kl max = ^  foi’ (m+n) odd
C73)
where f i s  the cavity finesse defined by f  = (c/2L)/Avfwhm- In the case of the ultra-high 
finesse reference cavity with L«300mm and f=12,500, if the input beam excites 
transverse modes up to say (m+n)=10 then the cavity length must be within lelmax = 
7.5p.m of the exact confocal mhror spacing. This degree of alignment should be possible 
given the positioning resolution of the üanslation stage on the interferometer.
In practice it was found that the transverse mode frequencies of the interferometer 
would not collapse to the mode degenerate regime. This was possibly due to a mis -
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match in the radius of curvature of the two minors rather than an error in the minor 
spacing. Unfortunately tolerance data on the minor curvatures were not available from 
the suppliers to allow confirmation of this. This inability to reach mode degeneracy 
dictated that the interferometer had to be operated in a non-confocal geometry and that 
the input beam was mode matched to the fundamental cavity mode. The cavity length 
was extended to 310mm giving a transverse mode frequency splitting of lOMHz. This 
frequency separation was large enough so that higher order transverse mode resonances 
of the reference cavity did not interfere with the rf phase modulated sidebands imposed 
on the frequency of the input beam.
Mode-Matching
Mode-matching of the input Gaussian beam to the fundamental mode of the 
reference cavity requhes that the position and size of the laser beam waist matches the 
position and size of the reference cavity TEMqo mode and that the optical axes of both 
beam and cavity are collinear. Kogelnik^ showed that the appropriate transformation of a 
beam of waist size w i into a beam of waist size W2  could be accomplished by a single 
thin lens as illustrated in
thin lens 
focal length, f
Figure 7.1. Gaussian beam transformation by a thin lens
figure 7,1. For matching to be possible the focal length, f, of the lens must exceed a 
char acteristic length, fo, defined by
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f n  =
7tWlW2 (7.4)
Having chosen f, the distances of the initial and hansformed waists from the lens, z l and 
z2 respectively, can be calculated from the matching formulae
(7.5)
In the particular optical layout used, the location of the input beam waist, w i, was 
taken to lie at the output lens of the beam collimating telescope. The beam radius at this 
point was measured using a scanning pinhole to be w i=750|im. The beam waist in the 
310mm long reference cavity was calculated to be W2=225.33p.m as shown in figure 7.2 
giving a characteristic
I
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Figure 7.2. Curves showing the calculated radius of the TEMqo mode at 
the cavity miiTors and at the mode waist for a symmetric spherical minor 
cavity (mirror curvature=0.3m).
length, fo of 0.499m. For mode matching to be possible the focal length of the matching 
lens must be greater than this chai'acteristic length. A lens with a focal length of 0.571m
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was selected and the distances diand d2  were then calculated from equations (7.5) as 
1.49m and 0.65m respectively. In practice these separations between w i and the 
matching lens and from the lens to W2  could only be set at best to the nearest centimetre. 
Nontheless reasonable mode matching was achieved using this arrangement. A variety 
of other matching lenses with focal lengths in the vicinity of the calculated value of 
0.571m were also tested. The best mode matching results were obtained using a 0.5m 
focal length lens located 1.67m from the input beam waist and 0.49m from the reference 
cavity waist.
Cavity Alignment Procedure
Since the reflectivity of the ultra-high finesse reference cavity mirrors was so large 
(R>99.99%) the input beam had to be reasonably well aligned to the cavity axis before 
any measurable transmission through the cavity could be observed. Preliminary 
alignment of the beam was performed by replacing the cavity input and output miiTors 
by a pinhole and a centred target respectively. The spatial position and angle of the input 
beam was then manipulated by means of two beam steering mirrors so that the beam lay 
along the axis defined by the pinhole and target. The cavity output m inor was 
substituted for the target and its tilt angle adjusted (via the gimbal mount) to maximise 
the beam transmission back through the pinhole. Finally the cavity input mirror was put 
in position and its tilt angle set to retro-reflect the input laser beam. If this alignment 
procedure was followed with care reasonable levels of optical transmission through the 
cavity were recorded when the laser frequency was scanned through a resonance of the 
reference cavity.
Due to residual alignment errors between the input beam and cavity axes, several higher 
order tr ansverse modes of the cavity were usually excited. This meant that the near 
confocal cavity displayed a free spectral range of approximately c/4L after this initial 
alignment procedure. To aid the final optimisation of beam alignment and mode 
matching, the laser frequency was repeatedly scanned thr ough a few free spectral ranges
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of the reference cavity and the transmission of the cavity was synchronously displayed 
on an oscilloscope. Whilst monitoring this cavity transmission, small angular 
adjustments were then made to the beam steering mirrors guiding the beam into the 
cavity. As the beam axis was brought into alignment with the cavity axis, fewer higher 
order transverse modes were excited and so the amplitude of alternate transmission 
maxima diminished while the amplitude of the remaining transmission peaks grew. This 
effect is illustrated in figure 7.3. Eventually the cavity free spectral range became c/2L 
indicating that good matching of the input beam to the fundamental mode of the cavity 
had been achieved.
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F igure 7.3. The output spectrum of the single frequency Nd:YAG laser 
viewed on the ultra-high finesse reference cavity as the cavity mode 
matching condition is approached. The amplitude of every other 
transmission peak decreases until the c/4L free spectral range becomes 
c/2L for perfect mode matching.
Performance
After careful alignment and mode matching, the cavity transmission showed at most 
three other resonances due to excitation of higher order transverse modes. The 
amplitudes of these modes, however, were small at around -20dB relative to the 
transmission of the TEMqo mode.
The overall transmission efficiency, defined as the ratio of the input optical power to 
the peak output power in the TEMqq mode of the reference cavity, was measured to be 
between 3% and 8% depending on the mirror set used. Similarly the reflection efficiency 
(ratio of the on resonance reflected power in the TEMqq mode to the total power 
reflected from the cavity off resonance) was measured to be typically around 72%.
Calibration of the reference cavity linewidth was performed by phase modulating the 
laser beam at a known frequency and then linearly scanning the frequency of the laser 
carrier and accompanying modulation sidebands through a resonance of the reference
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cavity. The resulting cavity transmission of the laser carrier and its symmetrically spaced 
phase modulation sidebands was displayed on an oscilloscope (see figure 7.4) enabling 
the cavity transmission linewidth to be measured as a function of the imposed 
modulation sideband spacing.
Figure 7.4 Ultra high finesse reference cavity transmission showing 
imposed modulation sidebands on either side of the laser carrier
frequency. Sideband spacing is ± 1.053MHz from the carrier.
7.1.4 Characterisation of the Laser Frequency Transducer
For the diode laser pumped Nd;YAG lasers used in this work, the laser cavity length 
and hence laser output frequency was controlled by mounting the output coupler mirror 
on a piezoceramic translator. This frequency transducer unit is shown in cross-section in 
figure 7.5.
mirror
brass blocknylon end cap
piezo ceramic 
cylinderrubber 'O'-ring
10mm
Figure 7.5. The diode laser pumped Nd:YAG laser frequency transducer.
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The piezo material used in the transducer was a modified lead zirconate titanate ceramic 
(Verniti'on type PZT-5H) in the form of a cylinder 12.7mm long x 12.7mm in diameter 
and with a wall thickness of 3.18mm. A standaid 12.7mm diameter x 6.4mm thick fused 
silica substrate (supplied and coated by Laser Optik, Germany) with a mass of 
-1 .8grams was used for the laser output coupler mirror. To help reduce hysteresis in the 
displacement versus applied voltage characteristics of the piezoceramic and also to 
eliminate any unwanted mechanical movement between the various transducer 
components, the transducer was preloaded"^. The preload was applied by clamping the 
mÜTor and piezoceramic between the brass block and the threaded nylon end cap. A 
rubber 'O'-ring, placed between the mirror and the nylon end cap protected the minor 
fr om damage and acted as a stiff spring against which the piezoceramic could push.
An important consideration in the design of an active laser frequency ser*vo is the 
bandwidth of the frequency tr ansducer. In the case of the piezoceramic transducer, the 
maximum frequency response is limited by the first mechanical resonance. A 
mechanical resonance in the transducer is accompanied by a sharp change in the 
electrical impedance of the piezoceramic and so the resonance behaviour of the piezo 
can be analysed simply by monitoring its electrical characteristics^»^. The test circuit 
used to analyse this resonant behaviour is shown in figure 7.6.
Vj to scope
signal generator ^ V/J G=
EL2001
buffer
PZT
^  V2  to scope
R
I
F igure 7.6. Series impedance circuit for measuring resonances in the 
piezo frequency transducer.
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On resonance it was found that the impedance of the piezo dropped to a small value. So, 
to prevent loading of the signal generator and to maintain a constant voltage amplitude 
across the piezo-R combination, it was necessar y to isolate the signal generator from the 
piezo by means of a low output impedance, large drive current, unity gain buffer 
amplifier (Elantec EL2001). The frequency dependent impedance of the transducer was 
monitored by measuring the phase (relative to the output voltage signal) and amplitude 
of the current flowing in the circuit. A small resistor, R, acted as a current to voltage 
converter and the voltage developed across R was displayed on an oscilloscope. To 
prevent resistor R from influencing this current measurement its resistance value was 
kept small compared to the impedance of the piezoceramic. The transducer impedance 
and the phase of the cuiTent relative to the supply voltage, V2  are shown as a function of 
frequency in figure 7.7.
The straight line portion of the log-log impedance versus frequency plot of figure 
7.7(a) and the corresponding 90° phase lag between the current and the drive voltage 
shown in figure 7.7(b) indicate that at low drive frequencies the transducer exhibits a 
purely capacitive electrical load. From the slope of the impedance graph the transducer 
capacitance was calculated to be (2.77+0.07)nP. The first electrical resonance (and 
therefore mechanical resonance) was centred ar ound ~ 140kHz and can clearly seen in
1I
Frequency (Hz)
(a)
- 90 '
-135-6
Frequency (Hz)
(b)
Figure 7.7. (a) Transducer impedance and (b) phase of the current through 
the tr ansducer relative to the drive voltage.
206
Chapter 7
figure 7,7 as a sharp change in both the impedance of the transducer and the phase of the 
cuiTent. Therefore, this particular laser frequency transducer had a relatively large, safe 
usable bandwidth of ~100kHz.
The voltage to frequency sensitivity of the transducer was measmed by using the 
transducer to linearly sweep the laser frequency through a free spectral range of the 
calibrated ultrahigh finesse reference cavity. In this way a value of 4.2MHz/volt was 
obtained.
7.1.5 The Stabilisation circuitry
A simplified block diagram of the detection and servo control electronics used in the 
Pound-Drever locking experiment is given in figure 7.8.
-1.4V peak to peak @ IMHZq  
(from the oscillator driving 
the optical phase modulator)
Fast Photodiode 
BPX65 ( r e f . )Bandpass filter 
and 
amplifier
3dB, 50Q 
attenuator
0 - 270Vd.c. Q
Laser frequency
transducer
“(8)t
Mixer
TAK-3H
Variable Gain and 
Secondary Integrator IMQ
PZT t
Z^lOpF
Buffer
To oscilloscope and 
spectrum analyser
F igure 7.8. Block diagram of the Pound-Drever electronics.
Interaction of the phase modulated laser beam with the on or near resonance reference 
cavity encoded the error signal information on the beam retro-reflected from the 
reference cavity in the form of an intensity modulation ai'ound the original phase 
modulation frequency. This intensity modulation was picked up using the sensitive band 
pass optical detector shown in figure 7.9. A tuned LC load on the fast photodiode output 
provided the band pass effect together with resonant enhancement of the small detected 
signal. The increased signal circulating in the tuned LC circuit was accessed via a
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capacitive tap and further amplified by a factor of 200 in a fast ac coupled video 
amplifier.
O +18V Battery Supply
BPX65
680pF 47pF
NE55394 150Q
2.2nF o/p
IIi
3604
3 - 2 7 0
2 - 1 8 0
1 - 9 0
0
400 600 800 1000 1200 1400 1600
i
I<DI
Detector o/p 
Phase Shift
Frequency (kHz)
F igure 7,9. The circuit diagiam of the tuned photodetector and fast video 
amplifier together with the circuits frequency and phase response to 
intensity modulated light. This band pass detector has a centime frequency 
of 1.050MHz, a FWHM bandwidth of 150kHz and a phase shift of 123° 
across this bandwidth.
Demodulation of the amplifier output against a portion of the original rf phase 
modulator drive souice then took place in a double balanced mixer (Minicircuits model 
TAK-3H) to extract the "rf fringe" locking discriminant for the laser frequency sei*vo
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Figure 7,10. The lower trace shows the reference cavity transmission as 
the laser frequency is swept through one of the cavity resonances. The 
small rf sidebands produced by phase modulation of the laser output are 
clearly visible on either side of die main carrier peak. The upper trace is 
the corresponding locking discriminant recorded from the output of the double balanced mixer.
system. A typical example of the discriminant obtained from the mixer output is shown 
in figure 7.10. It is worth noting at this point that the function of the 3dB, 50f2 
attenuator on the output of the bandpass detector (see figure 7.8) was to prevent the 
resonance frequency and output level of the tuned detector from being influenced by 
back reflected signal from the mixer. Far from reducing the signal level at the mixer 
input, the inclusion of the attenuator actually gave a 20 fold increase in this signal level 
compared to either direct coupling or coupling through a 50Q terminator between the 
detector and the mixer.
The servo electronics used to process the discriminant signal from the mixer output 
were based on an NPL circuit for an I2  stabilised HeNe laser system. The modified 
circuit, illustrated in figure 7.11, provides a variable voltage gain ranging from 0.04 up 
to 1200 with a flat frequency response from D.C. to just over IkHz. Above IkHz the 
gain curve of the amplifier response rolls-off at 6dB/Octave.
As discussed in section 6.1.2, it is necessary to alter this flat gain vs frequency 
response such that the gain rolls-off to the unity gain point at a slope of -6dB/octave. 
This primary integration effect is achieved by a passive RC integrator/low pass filter 
network formed by placing a variable resistor in series with the purely capacitive load of
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the PZT laser frequency transducer. When operating the servo system in practice it was 
necessary to set the series resistance to 970kn giving a 3dB corner frequency for the 
integrator of --50Hz.
An additional active OP-AMP integrator could be switched into the circuit in order 
to increase the slope of the gain vs frequency curve to 12dB/0ctave at low frequency to 
achieve lai'ger loop gains. The 3dB crossover frequency from the -12dB/0ctave slope of
the double integrator to the -6dB/0ctave slope of the single integrator could be varied 
from 100 - 700HZ in steps of lOOHz.
7.2 Pound-Drever Locking Servo Loop Performance.
To obtain a true indication of the level of frequency stabilisation achieved under 
active control the closed loop spectral density, of frequency fluctuations of the
laser output beam should be measured. Referring back to the block diagram of the laser 
fi'equency sei*vo system shown in section 6.3, has the form
o(L aser) _  V(Si.)2 +  (KSs)2 +  (KGSn)^ ,,*CL -  1+K G D  (7 0)
where D = discriminant sensitivity in (V/Hz)
K = frequency tr ansducer sensitivity in (Hz/V)
G = gain of the servo amplifier and integrator
Sl  = linear* spectral density of the free-running laser frequency noise in 
(Hz/VtTz)
Ss = linear spectral density of servo amplifier voltage noise in (V/VHz)
Sd = linear spectral density of the discriminant voltage noise in (VA/Hz).
In practice, however, the measurement of this parameter can be extremely difficult, 
since it requires a more stable frequency reference, such as another laser or passive
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cavity against which the frequency of the test laser can be compared. In the absence of 
such a frequency reference, a common alternative is to measure the closed loop spectral 
density of the voltage generated by the frequency discriminant, By using the
frequency to voltage conversion factor of the discriminant, can be converted
from a voltage spectral density, in V//Hz, into a frequency spectral density, in Hz/ ^ Hz. 
Once again referring to the servo block diagram (see figure 6.18), this frequency spectral 
density has the form
a/(S,.)2 + (KSs)^^(St,/D)2 
D -  1 + KGD
As can be seen fr om equation (7.7) this measurement only gives a true representation of 
the actual frequency noise of the stabilised laser when the loop gain, G, is small and the 
discriminant noise, Sd , is negligible. In contrast, under conditions of very large loop 
gain, will approach zero as the feedback loop imposes additional frequency
fluctuations on the laser output in order to null the servo's own internal noise. In this
high loop gain limit, the real laser frequency noise is thus determined by the servo
discriminant’s own noise and will have a value given by equation (7.6) of Sd /D . Despite 
these difficulties in inter-preting , measurement of this quantity does provide
some useful insight into the performance of the frequency stabilisation system.
Figure 7.12 shows a typical example of the closed loop error signal voltage recorded 
at the output of the frequency discriminant (double balanced mixer output) together with 
the optical transmission through the reference cavity. The cavity transmission was at its 
maximum indicating that the laser frequency was indeed locked to the centre of the 
reference cavity resonance. The residual error signal voltage was calibrated in terms of 
the apparent fluctuations in the laser output frequency relative to the reference cavity 
resonance using the gradient (in Hz/V) of the central zero-crossing portion of the rf- 
fringe discriminant. From this calculation the maximum peak-to-peak deviation of the 
laser frequency from the reference cavity line centre was typically no greater than 2kHz.
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Figure 7.12. The upper trace shows the transmission through the reference 
cavity when the laser frequency is locked to the centre of the reference 
cavity resonance using the Pound-Drever stabiliser. The lower trace is the 
corresponding error point signal measured at the balanced mixer output.
The time duration of the recording was 100 sec.
Spectral density measurements of this discriminant signal were also made over the 
frequency range 0-20kHz using a Briiel & Kjær fast Fourier transform spectrum 
analyser. Three examples of spectral density plots of are shown in figure 7.13
NIX
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F igure 7.13. Spectral density plots of the Pound-Drever error signal 
measured at the output of the balanced mixer for a) low servo loop gain and b) high servo loop gain.
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for different gain settings of the sei*vo loop. For reference, the Schawlow-Townes limit 
for this laser of 130mHz/VHz is also indicated. From this figure the effect of changing 
the gain on the performance of the servo loop can be clearly seen. The low gain cui*ve 
shown in this figure corresponds to the minimum loop gain required to keep the laser 
frequency locked to the reference cavity. For this gain setting the sei*vo’s unity gain 
point was at approximately 30Hz. The high gain curve was obtained using the maximum 
loop bandwidth (-5kHz) and gain possible before oscillation of the feedback network 
occuiTed. In both these cases only the single integration effect of the low pass RC filter 
was used to roll off the gain to the unity.
For small loop gain the error signal was dominated by low frequency (<lkHz) 
components. Increasing the loop gain to its maximum value, before loop oscillation 
occuiTed, suppressed these low frequency fluctuations by -13dB for frequencies aiound 
IkHz and by as much as 30dB for frequency components of a few tens of Hertz. 
However, this quietening of the low frequency laser noise was accompanied by an 
increase in the eiTor signal spectral density components in the range 2-5kHz by as much 
as lOdB. This behaviour is indicative of the feedback loop approaching instability. 
Indeed any further increase in sei*vo loop gain resulted in the loop becoming unstable 
and oscillating at a frequency of approximately 5kHz.
The benefits of increasing the low frequency gain through the use of an additional 
stage of electronic integration in the feedback network is clearly demonstiated in the 
third spectral density cui*ve shown in figure 7.13. In this case activating the second 
integrator decreased the sub lOOHz noise components by a further 30dB compaied to the 
high gain, single integrator cui’ve. The cross-over frequency from double to single 
integration was set at 500Hz.
The cause of the loop instability at -5kHz was investigated by measuring the open 
loop gain and phase shift chai'acteristics of the amplifier and integi ator stage of the sei*vo 
electi'onics as a function of frequency. To do this the signal from the balanced mixer 
output was replaced by a signal generator and the amplitude and phase of the open loop
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voltage generated across the PZT of the laser frequency tiansducer was recorded for 
various gain settings. These data are displayed in figure 7.14 In the graph of the gain 
data the contributions from the frequency discriminant and the frequency transducer 
have been included to convert the measured voltage gains into values of the total open 
loop gain of the seiwo.
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F igure 7.14. Open loop gain and phase shift characteristics of the servo 
amplifier/integrator.
For frequencies above the 3dB point (f3(jB~50Hz) of the RC integrator formed by the 
frequency transducer and series resistor the slope of the gain versus frequency curve
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shown in figure 7.14 displays the characteristic 6dB/0ctave gain roll off. However, for 
frequencies over approximately 3.5kHz the gain curve slope increases to -12dB/0ctave. 
Associated with this increased slope is an undesirable large phase shift which, in the 
case of the highest gain setting, exceeds 180°. Clearly it is this large phase shift in the 
electr onics of the amplifier/integrator which is restricting the maximum frequency of the 
unity gain point and consequently the maximum low frequency gain attainable with this 
circuit. Modest improvements to the maximum loop gain of this system could be 
obtained by making the following modifications; The use of wider bandwidth OP-AMPS 
would help to avoid these unintentional phase shifts in the circuitry whilst replacing the 
passive RC integrator by a more “ideal” active OP-AMP integrator could extend the 
-6dB/0ctave gain slope to much lower frequencies enabling larger gains to be achieved. 
However, to extend the unity gain frequency much beyond its current 5kHz level the 
electi'onics would have to be carefully designed to accommodate the additional optical 
integration effect of the reference cavity with its 3dB comer frequency of 20kHz. If the 
unity gain point could be extended up to the operating limit of the laser frequency 
transducer of lOOkHz then significantly larger loop gains of say 10^-10"  ^at lOHz could 
be achieved with just a single level of integration.
The potential of this system for generating ultra-narrow linewidth laser output can 
perhaps be appreciated from the excellent results of Shoemaker et aB^, Day et aP^ and 
more recently by Uehara et aP^ on similar Pound-Drever stabilised, diode laser pumped 
Nd:YAG systems. For instance, Shoemaker et al locked an open cavity Nd:YAG laser, 
containing an intracavity mode-selecting étalon, to a l.lM H z linewidth reference cavity 
using a ver*y wide bandwidth (120kHz) servo loop. This wide bandwidth was achieved 
using two nested feedback loops, one controlling a piezoceramic frequency tr ansducer 
over the frequency range 0-300Hz and the other driving an external acousto-optic 
modulator up to frequencies of 120kHz. The loop could provide gains in excess of 10^ at 
10 Hz and 10^ at IkHz. These huge servo loop gains suppressed the laser noise power 
spectral density to around 14.3mHz/\/Hz, a factor of 14 less than the Schawlow-Townes 
limit for their laser. The systems operated by Day et al and Uehara et al were very
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similar with both making use of commercial (Lightwave Electronics) Nd;YAG Non- 
Planar* Ring Oscillators and ultrahigh finesse (F~20,000) reference cavities. The 
feedback loop used by Uehaia had a gain of greater than 10^ at dc and 10^ at IkHz. The 
unity gain frequency was 30kHz. With this system a spectral density of lOmHz/VHz and 
a measured heterodyne beat linewidth of 193mHz between two lasers locked to the same 
reference cavity were obtained. This measured linewidth was again below the calculated 
Schawlow-Townes limit by a factor of 1.4. The heterodyne linewidth recorded by Day et 
al was at best 330mHz, limited by electronic noise and acoustic pickup in the reference 
and laser cavities. If the loop gain of our electronic servo system could be increased 
substantially so that it approaches the levels used in the examples above, there is no 
reason why our system peifoimance should not be comparable to the impressive levels 
of frequency stability achieved by these other systems..
7.2.1 Calculation of the Free-Running Frequency Noise Spectral 
Density
It is interesting to note that from knowledge of the open loop gain of the frequency 
servo together with the closed loop spectral density data from the discriminant signal, it 
is possible to infer the spectial density of the free-running laser frequency noise by using 
the relation shown in equation 7.7. The contribution to equation 7.7 due to the voltage 
noise spectral density, Sg, from the servo amplifier was measured using a spectrum 
analyser and found to be 0.14p.V/>Jlz. Since the corresponding frequency spectral 
density, KSg, of 0.6Hz/\/Hz was small compared to those values measured for 
the noise contribution from Sg could be neglected. Thus, in equation (7.7)
the only remaining unknowns were Sl and Sd - By making the assumption that Sd =0, 
equation (7.7) simplifies to
Sl = ^ ( 1 + K G D )  (7.8)
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giving an upper limit to the free-running laser frequency noise spectral density. Using 
this equation, the spectr al density data from the closed loop discriminant signal (some of 
which are shown in figure 7.13) was combined with the servo loop gain data from figure 
7.14 to generate values for Sl  at specific Fourier frequencies in the range lOOHz - 
20kHz. This information is tabulated in table 7.1.
Table 7,1
FOURIER FREQUENCY = lOOHz
SERVO GAIN 
SETTING
1 + KGD
(Hz/VHz) SL(Hz/VHz)
1 1.63 572.4 933.0
2 2.84 255.7 726.2
3 7,20 72.1 519.1
4 19.44 22.8 443.2
FOURIER FREQUENCY = 200Hz
SERVO GAIN 
SETTING 1+KGD (Hz/VHz) SL(Hz/VHz)
I 1.40 361.1 505.5
2 2.18 181.0 394.8
3 4.80 60.6 293.3
4 11.65 18.1 210.9
FOURIER FREQUENCY = 400Hz
SERVO GAIN SETTING
1 + KGD
(Hz/VHz) SL(Hz/VHz)
1 1.23 181.0 222.6
2 2.63 114,2 186.15
3 3.07 45.5 139.7
4 7.20 14.4 103.68
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FOURIER FREQUENCY = 600Hz
SERVO GAIN 
SETTING
1 + KGD
(Hz/VHz) Sl(Hz/VHz)
1 1.18 114.2 134.8
2 1.44 76.3 109.9
3 2.40 34.1 81.8
4 5.20 12.10 62.9
FOURIER FREQUENCY = 800Hz
SERVO GAIN 
SETTING
1+KGD
(Hz/VHz) SL(Hz/VHz)
1 1.16 64.2 74.5
2 1.34 54.0 72.4
3 2.03 27.1 55.0
4 4.10 10.2 41.8
FOURIER FREQUENCY — IkHz
SERVO GAIN 
SETTING
1 + KGD
(Hz/VHz)
Sl(Hz/VHz)
1 1.14 45.5 51.9
2 1.27 36.1 45.8
3 1.81 21.5 38.9
4 3.43 8.7 29.8
FOURIER FREQUENCY = 2kHz
SERVO GAIN 
SETTING
1 + KGD
(Hz/VHz)
SL(Hz/VHz)
1 1.10 12.8 14.0
2 1.15 10.2 11.7
3 1.37 10.8 14.8
4 2.11 8.1 17.1
It can be seen that for any given frequency, the values for Sl calculated for each of the 
four gain settings are not constant as anticipated but instead show an approximately two
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fold increase in going from the highest to the lowest gain setting. The exact cause of this 
inconsistency in the calculated Sl  values is unclear but may be related to variations in 
the servo loop phase shift experienced at different loop gains.
To gauge the free-running frequency stability performance of this laser, the Sl data 
from table 7.1 was plotted together with spectral density data on other diode laser 
pumped solid state laser systems compiled from publications in the open research 
literature. Tire lasers used by Day et al^  and Fritschel et al^  ^were Nd:YAG Non-Planar* 
Ring Oscillator (NPRO) operating at 1.064jJ.m. An Nd:YAG NPRO laser was also used 
by Williams et aP^ but this time operating on the 1.3jim transition. Shoemaker et aP^ 
made their measurements on an open cavity Nd:YAG laser (1.064|xm) containing an 
intracavity étalon longitudinal mode selector. See figure 7.15.
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Figure 7.15. Comparison of the linear spectral density of frequency fluctuations 
of various free-running diode pumped solid state lasers.
Bearing in mind that the frequency noise spectral density data calculated for the 
laser in this work are an upper estimate, figure 7.15 shows that the free-running 
frequency stability of this laser compares favourably with the diode pumped laser
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systems produced by other researchers. To put these spectral density figures on the diode 
pumped systems into perspective, an Argon ion laser displays frequency fluctuations of 
the order of 10^ Hz//Hz at IkHz^^ and a “quiet” semiconductor diode laser exhibits 
frequency noise of about 10^ Hz/a/Hz at IkHz^^. In contrast a typical diode pumped solid 
state laser has a frequency noise spectral density of only -50 Hz/VHz at IkHz.
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INJECTION SEEDING AND LOCKING OF 
HOLOSTERIC LASERS 
8.1 Introduction
One area where frequency stabilised CW lasers are used is in axial mode selection 
(injection seeding) and frequency control (injection locking) of higher power pulsed and 
CW laser oscillators by injected signal. This chapter describes experimental work in the 
use of the nairow linewidth, CW, end-pumped holosteric laser as a "master oscillator" for 
injection seeding a Q-switched transversely pumped holosteric laser and some preliminaiy 
studies of tlie injection locking of a second CW, end pumped holosteric laser.
8.2 Injection Seeding
Certain applications, such as laser radar (or LIDAR), high resolution specti'oscopy or 
nonlinear optics, demand short, single axial mode, high peak power laser light pulses. 
Optical pulses with the required high peak powers and short durations can readily be 
generated using the well established technique of cavity Q-switching but single axial mode 
selection in such lasers can be a challenging problem.
In a Q-switched laser the initial population inversion present at the start of the pulse 
build up process is so large that mode competition through gain saturation is insignificant 
until well into the pulse evolution. Thus, during the initial build up stages of the Q- 
switched pulse, a few of the lower loss longitudinal cavity modes may experience similar’ 
large amounts of gain and grow rapidly. Because of this reduced mode competition, high 
levels of intracavity round trip loss, often in excess of 10%, are required to suppress 
unwanted cavity modes. Conventional axial mode selecting methods transposed from CW 
lasers such as intiacavity étalons or thin film absorbers, often cannot provide such large
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levels of differential inti'acavity loss and so more sophisticated mode selection techniques 
have been developed.
One highly successful technique for single longitudinal mode selection in short pulse 
and Q-switched lasers is injection seeding. This process involves injecting a small amount 
of light from a single frequency, CW laser, refened to as the "master oscillator", into the 
cavity of tlie Q-switched "slave" laser at a frequency close to a resonant mode of the slave. 
In the pre Q-switched below threshold state the injected beam reaches a steady state 
regeneratively amplified intensity inside the slave cavity which is well above the 
spontaneous emission noise. When the Q of the slave laser cavity is suddenly switched to 
a high state the amplitude of this initial intracavity signal grows exponentially and its 
frequency is pulled rapidly in to the nearest cavity mode of the slave laser. This cavity 
mode thus experiences a significant head start over other cavity modes which grow 
initially from the spontaneous noise level and so dominates the pulse output.
8.2.1 Transversely Pumped Q-Switched Nd:YAG Holosteric 
Laser
Tlie pulsed, high power, transversely pumped Nd:YAG holosteric laser used as the 
slave oscillator in the injection seeding experiments was designed and built by C. Nome at 
the University of St. Andrews. A brief description of this laser is included here for 
completeness but a more detailed description of its construction and characterisation can be 
found in reference (1).
The pump source for the Q-Switched laser was a model SDL-3220-J quasi-CW diode 
laser bar from Spectra Diode Labs driven by a SDL-922 high cuirent pulse generator. This 
diode laser had an emitting aperture 10mm long by Ijim thick containing a linear array of 
1000 laser active stripes. These 1000 emitters were arranged into 40 groups of 25 emitters 
evenly distributed along the laser bar. The output beam was highly astigmatic because of 
the dimensions of the emitting aperture with full width at half maximum beam divergences 
of 40° and 10° perpendicular’ and parallel to the diode junction respectively. Due to the
224
Chapter 8
difficulty of removing waste heat from the large number of emitters, the diode laser bar 
could only be operated in a pulsed mode with a maximum output pulse width of 200p.s at 
a repetition rate of up to lOOHz. The maximum pulse energy available from the device was 
5mJ corresponding to a maximum peak power of 25W and an average power 500mW.
AO Q-switch
lO m m
g ____
130m m
plane Brewsterhigh reflector plate
NdrYAG rod 
12mmxl.5nim0
15m m
output coupler R=90%R.O,C.=200mm
pulsed diode laser bar 
SDL-3220-J, 5mJ, 200ps
A
0.36mJ, 27ns Q-switched 1064nm 
output pulses
F igure 8.1. The transversely pumped, acousto-optically Q-switched 
Nd:YAG holosteric laser.
The plano-concave open resonator of the NdiYAG laser contained a 12mm long x 
1.5mm diameter plano-plano Nd'.YAG rod and a lead molybdate acousto-optic Q-switch, 
as illustrated in figure 8.1. Each surface of the intracavity components was antireflection 
coated for the laser wavelength of 1064nm to keep the intracavity losses to a minimum. 
Efficient absorption of pump light in the transverse pumped laser geometry is difficult 
because of the short interaction length available to the pump light crossing the small 
diameter Nd:YAG rod, a problem which is compounded by the large (relative to the 
Nd:YAG absorption bands) 5nm wavelength chirp of the diode laser array output during 
the pump pulse2. In order to combat this problem a YAG gain medium containing a high 
(1.3%) Nd ion dopant density was chosen to increase the pump light absorption. Pumping 
efficiency was further enhanced by placing the Nd:YAG rod inside a close fitting, 
polished brass, cylindrical housing which acted as a back reflector for any pump light 
transmitted through the Nd:YAG rod.
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Pump light from the diode laser bai’ was coupled into the Nd:YAG rod by positioning 
the output facet of the laser bar within 200|im of the polished cylindrical surface of the 
crystal. This made use of the large numerical aperture lens effect of the high refractive 
index, cylindrical NdrYAG rod for efficient collection of the highly divergent pump light.
The optical cavity of the NdrYAG laser was formed between a high reflector plane 
mirror and a 90% reflectivity, 200mm radius of curvature concave output coupler mirror. 
For efficient Q-switching of the laser the rise time of the Q-switch was required to be short 
compared to the ~ 130ns build up time of the Q-switched laser pulse. Since the opening 
time of the acousto-optic Q-switch was dependent on the laser beam radius, the cavity was 
set to be close to hemispherical to provide a small beam size in tlie acousto-optic Q-switch. 
With the cavity geometry shown in figure 8.1 the beam radius in tire Q-switch was 145qm 
coiTesponding to a Q-switch rise time of 90ns, well below the Q-switched pulse build up 
time as requhed.
The laser was restricted to oscillation on the fundamental transverse mode of tire cavity 
by using the small diameter of the gain medium as an intracavity TEMqo mode selecting 
aperture. Maximum TEMqo output power was obtained from the laser with the rod 
positioned in the cavity where the laser beam radius was 425qm.
In the absence of the acousto-optic Q-switch the tiansverse pumped NdrYAG laser 
operating long-pulse displayed a pump threshold of 1.84mJ and an optical to optical slope 
efficiency of 21.8%. Under optimum Q-switching conditions the laser threshold was 
increased to 2.83mJ with a Q-switched pulse slope efficiency of 15%. The maximum Q- 
switched output pulse energy from the laser was 0.36mJ in 27ns coiTesponding to a pulse 
peak power of 13kW at a wavelength of 1064nm. The Q-switched performance of the 
laser is summarised in figure 8.2 below.
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Figure 8.2. Output pulse characteristics of the transversely pumped, Q- 
switched Nd:YAG holosteric laser, (a) Optical to optical slope efficiency, 
(b) Q-switched pulse duration (FWHM) as a function of pump pulse 
energy.
Long itudinal M ode S tructure
Examination of the temporal profile of the Q-switched laser pulse using a wide 
bandwidth digital oscilloscope (Hewlett Packairi 54111D) and a fast avalanche photodiode 
(BPW28) revealed the presence of an intensity modulation superimposed on the Q- 
switched pulse envelope as illustrated in figure 8.3. This type of behaviour is 
chaiacteristic of multi-longitudinal mode Q-switched lasers and is caused by beating
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F igure 8.4. (a) False colour image showing the multiple frequency 
components of the un seeded Q-switched laser pulse as viewed through the 
14.6GHz free spectral range Fabry-Perot interferometer, (b) A linear 
intensity scan through the centre of the ring pattern shown in (a) above.
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between simultaneously oscillating longitudinal laser modes. In the paiticulai* case shown 
in figure 8.3 the intermode beat frequency was 684MHz conesponding to an optical path 
length in the laser cavity of 219mm.
Time (10ns per division)
Figure 8.3. The temporal profile of the Q-switched laser pulse showing 
the presence of mode beating caused by multilongitudinal mode laser operation.
Further evidence for the multilongitudinal mode output of the tiansversely pumped 
laser was obtained by observing the optical spectrum of the Q-switched pulse on a static 
plane-parallel Fabry-Perot interferometer. The Fabry-Perot ring pattern generated by the 
interferometer was viewed using a CCD camera connected to an electronic frame grabber 
and a micro computer. The electronic frame grabber was synclironously gated to the Q- 
switched pulse train to produce static images of the interferometer transmission. These 
images could be down loaded into the computer for analysis. Figure 8.4 shows a false 
colour image of a representative interferometer transmission for a Q-switched output 
pulse from the tiansversely pumped laser. The image contains just over two free spectial 
ranges of the Fabry-Perot interferometer. The multiple rings visible in figure 8.4 clearly 
indicate laser operation on many longitudinal modes during the Q-switched pulse duration. 
The number of modes oscillating at any one instant during the output pulse cannot 
however, be ascertained from tliis analysis as the spectial data fr om the CCD image of the 
interferometer transmission is averaged over the sampling time of the camera-frame 
giabber system.
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8.2.2 Injection Seeding Results
The injection seeding experiments on the transversely pumped Nd:YAG holosteric 
laser were carried out using the arrangement depicted in figure 8.5. The seeding beam was 
provided by the passively stabilised, end-pumped, single frequency Nd:YAG holosteric 
master oscillator described in Chapter 5. This master oscillator contained a 1mm thick 
uncoated intracavity fused silica étalon for single longitudinal mode selection and could 
generate 7-lOmW single mode 1064nm laser output with a short teim linewidth of 40kHz. 
Contained within the seeding beam path between the master and slave oscillators was a 
Faraday rotator optical isolator, a X/2 waveplate and a mode matching lens. The
frequency stabilisation 
seiwo electi'onics
temperatiu'e stabilised 
reference cavityMASTER
single frequency CW end-pumped 
Nd:YAG holosteric laser
X/2 wave plate [ 
lens
SLAVE
transversely pumped Q-switched
Nd:YAG holosteric laser
F igure 8.5. The optical arrangement used for the injection seeding 
experiments.
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(a)
F igure 8.6. (a) False colour image of the 14.6GHz Fabry-Perot 
interferometer transmission showing the injection seeded Q-switched laser 
operating on a single longitudinal mode, (b) A linear intensity scan through 
the centre of the ring pattern shown in (a) above.
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unidirectional Faraday optical isolator protected tlie master oscillator from any frequency 
pulling effects caused by small amounts of the Q-switched laser emission entering the 
master oscillator by providing up to 40dB attenuation of any slave oscillator output 
heading back along tlie seeding beam. The rotatable X/2 waveplate and the mode matching 
lens allowed the seeding efficiency to be optimised by enabling the linear polarisation 
states and the spatial profiles of the seeding beam and the Q-switched cavity mode to be 
matched respectively.
With the seeding beam turned on, the resonance frequency of the slave oscillator was 
scanned by altering the cavity length via its piezo mounted output coupler mÜTor. A fast 
photodiode and the static Fabry-Perot interferometer were used to monitor the temporal 
and spectr al output of the Q-switched slave oscillator for any evidence of injection seeding 
behaviour. With as little as 0.2mW of optical power from tlie master oscillator incident on 
the high reflectivity (^0.02% tr ansmission at A,=1064nm) plane mirror of the slave cavity 
dramatic changes in the temporal and spectral character of the Q-switched pulse output of 
the slave laser were observed when injection seeding occuned. Transmission of the output 
beam from the seeded Q-switched laser through the interferometer generated a "clean" 
Fabry-Perot ring pattern indicative of single longitudinal mode laser operation. See figiu*e 
8 .6 .
A typical example of the seeded Q-switched pulse profile, as obserwed using the fast 
photodiode and oscilloscope, is presented in figiu*e 8.7(a). The temporal power profile of 
the pulse was smooth, showing no sign of any mode beating modulation. By 
accumulating traces of 100 injection seeded Q-switched laser shots in the digital store of 
the oscilloscope, the pulse to pulse power stability of the seeded pulses was found to be 
better than ±6%, limited only by noise in the detector. This data is shown in figure 8.7(b).
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Figure 8.7. (a) A typical example of the smooth temporal profile of one 
injection seeded Q-switched pulse from the transversely pumped holosteric 
laser, (b) An overlay of 100 consecutive seeded Q-switched pulses showing an intensity stability of better than 6%.
A direct comparison between the time evolution of the seeded and unseeded Q- 
switched pulses profiles is given in figure 8.8. This composite image was formed by
unseeded\
Time (20ns per division)
Figure 8.8. Direct comparison of the seeded and unseeded Q-switched 
pulse output. Each trace is formed from an overlay of 100 consecutive 
pulses
storing a number of consecutive unseeded Q-switched pulses and then overlaying a similar 
number of seeded pulses. The trigger pulse to the acousto-optic Q-switch defined the time 
origin for both groups of pulses. Figure 8.8 clearly illustrates three major differences
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between the seeded and unseeded pulses. Firstly, the intensity noise of the seeded pulses 
is much reduced in comparison with the pulses in the unseeded cases. This reduction in 
intensity noise is due to the absence of mode beating L. the single longitudinal mode 
seeded Q-switched pulse. The mode beating intensity modulation responsible for the noisy 
profile of the unseeded pulse is unresolved because of the limited sampling rate of the 
digital oscilloscope.
The second observable difference between the seeded and unseeded pulses is that the 
0.36mJ energy of the unseeded pulses drops to 0.25mJ when injection seeding occurs. 
This reduction in pulse energy was due to spatial hole burning effects which left the 
regions of gain, inaccessible to the seeded single longitudinal mode cavity mode, unused. 
To eliminate spatial hole burning the twisted mode technique was implemented on the 
slave oscillator by placing quarter wave plates on either side of the NdrYAG rod. 
However, due to the extra intracavity loss introduced by the addition of the waveplates no 
increase in output pulse energy was obtained from the laser.
Thirdly, the time delay from the switching of the cavity Q to the emergence of the 
seeded pulse is less than that for the unseeded case. Siegman^ for instance has shown tliat 
the build up time Ty of a Q-switched pulse has the following dependence on the initial 
photon density (photons per mode) inside the laser cavity;
T b = ^ x l o g e ^ ~ j  (8.1)
where Tc = cold cavity decay time
r = pumping ratio (ratio of the population inversion just after opening the Q- 
switch to the population inversion at laser threshold) 
nss = steady state photon density that would result if the laser was CW with a 
pumping ratio r 
ni = initial cavity photon density.
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In the unseeded case the pulse builds up from the initial spontaneous emission noise in the 
cavity (n p l). However, the presence of an externally injected coherent light beam into the 
resonant mode of the cavity provides an initial photon density many times greater than the 
spontaneous emission noise level fr om which the seeded Q-switched pulse can gi'ow. To 
show the influence of injected signal level on pulse build up time for the injection seeded 
holosteric laser system equation (8.1) was re-expressed in terms of the change in pulse 
build up time for various intracavity injected power levels, Pinj, relative to the build up 
time for Pinj = InW.
Tb(Pi„j=lnW) - Tb(Pinj) = ^  X l o g / ^ (8.2)
In figure 8.9 Tb(Pinj=lnW) - Tb(Pinj) has been plotted as a function of for the
case of the Q-swiched laser operating 1.65 (r=1.65) times above threshold. Using a value 
for the cavity decay time Xc of 5.1ns (see ref. 1), the predicted value for X c /(r- l)  is 7.85ns. 
From figure 8.9 the gradient of the best-fit-line to the data is (7.7±0.8)ns in good 
agieement with this predicted value.
30 -
20 -
ln(Pinj/lnW)
Figure 8.9. Dependence of seeded pulse build build up time on injected inti’acavity power.
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Witli a seeding beam power of 0.2mW incident on the high reflectivity (0.02% power 
ti’ansmission) miixor of the slave laser, a frequency difference of up to ±150MHz between 
the slave and master oscillator frequencies could be tolerated before multilongitudinal 
mode operation of the slave laser occuixed. It is worth noting that, in contrast to steady 
state injection locking to be described in section 8,3, no convenient analytical expression 
exists which defines the frequency offset range over which injection seeding occurs. In 
the ti ansient injection seeding case the unwanted axial modes of the slave cavity still exist 
inside the resonator, all be it at a veiy much reduced level compaied to the seeded mode. 
Therefore, an injection seeding range can only be defined somewhat ai'bitraiily as the 
frequency detuning range over which the output power ratio between the seeded axial 
mode and the unseeded adjacent mode always exceeds some preset value4.5. Detailed 
investigations of mode competition, frequency output and pulse build-up under various 
conditions of injection seeding have, however, been caixied out by various research 
gi’oups for specific laser systems using numerical techniques to solve the coupled 
equations describing the oscillating fields of the axial modes and the population density in 
the gain medium^»^’'^ .
The passive stability of this all solid state laser system was such that stable injection 
seeding behaviour could be maintained for periods of several minutes before thermal 
expansion of the laser cavities pushed their cavity mode frequencies outside the 300MHz 
seeding range. For longer term seeding stability some form of active laser cavity length 
control would be required. Several techniques for active stabilisation of injection seeded 
laser systems are available such as locking the master and slave cavity frequencies to a 
passive reference cavity^, conholling the slave laser cavity length to tiansmission of the 
seeding beam through the slave cavity®, using a polarization sensitive feedback system to 
maintain cavity matching^, minimizing the Q-switched pulse build up time^^ and locking 
the cavities using a fast phase locked loop^k
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8.3 Injection Locking
In the injection seeding process described above the small injected signal from the 
master laser merely preferentially assists pulse build up of one of the slave laser's own 
axial modes. Injection locking may be regarded as a refinement of this process where by 
the injected signal from the master oscillator completely suppresses the free running 
oscillation frequency of the slave cavity, forcing the slave to operate at the master 
oscillator frequency. True injection locking of Q-switched lasers has been demonstiated 
by Buczek et ari^ and Lachambre et al^ but Lachambre showed both theoretically and 
experimentally that injection locking of such high gain, short pulse lasers required 
prohibitively large injection signal levels and could tolerate only small frequency detuning 
between master and slave oscillators.
Injection locking of CW laser oscillators has also been successfully demonstiated as 
far back as 1966 when, in a heroic experiment, Stover and Steier injection locked two He- 
Ne gas lasersi3. The ability to precisely define the output phase and frequency of a high 
power CW laser oscillator by injecting a small, high purity signal from a low power, 
frequency stable master oscillator opens up a host of exciting possibilities. For instance a 
number, N, of high power oscillators each with output power P, could be injection locked 
by a common master oscillator and thek outputs coherently combined to give a total output 
power of N^P. This high power output beam would essentially have the same spectial and 
spatial purity of the original master oscillator beami4,i5,i6,n^
Another possibility is to steer the output beam from a paiallel airay of phase locked 
lasers. By altering the phase offset between individual lasers the maxima in the far field 
interference pattern can be steered. This is analogous to beam steering in radio frequency 
and microwave phased anay radar. At present beam steering of phase locked arrays in the 
optical domain is hmited to low power semiconductor diode laser airays consisting of only 
a few active stripes^^dS, Multiple injection locked bulk holosteric lasers could perhaps 
provide a higher power phase steerable beam with better spatial quality.
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Finally the possibility exists for creating an optical Fourier synthesizer. The desired 
phase locked Fourier components could be generated by sum- and difference-frequency 
mixing the outputs from a group of phase coherent, injection locked lasers. By conu olling 
the relative phases and frequencies spacings of the combined beams optical pulses could 
be created with tailored temporal shapes and durations. Hansch^o has proposed an optical 
Fourier synthesizer which combines six optical frequency hai*monics to generate sub­
femtosecond optical pulses. Recently work carried out by his research group (Mukai et 
al2i)in Germany has demonstrated the feasibility of this proposal by synthesizing 8.4ns 
and 5ns pulses from combs of 3 and 5 Fourier components respectively with an 
intercomponent frequency spacing of 38MHz.
8.3.1 Basic Injection Locking Theory
An understanding of the injection locking mechanism can be obtained by considering 
the regenerative amplifier model of the laser oscillator shown in figure 8.10. Although a 
linear cavity is illusUated here tire analysis applies equally well to ring resonators.
^gsdnxoefM en t=^
L
J
Figure 8.10 A simple model of a linear cavity regenerative optical 
amplifier. The field amplitude reflectivities and tr ansmissions of the two 
miiTor are represented by r and t respectively. Eq is the injected field and Ei 
is the net ou^ut field from the amplifier.
The output field, E i, from the regenerative amplifier is composed of two portions, 
namely the reflection of the input field from the first miiTor and a leakage component of 
the inti'acavity ckculating field. Tliis can be expressed mathematically as--
E l i‘i - r^e^&ke^^ 1 ig "  iii2 e^ ^ ^ eXEp 1 - n r2e^^E e-i(|>  iq 1 _ rir2C^(^E0-i(|) (8.3)
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where (j) = 4kL/X = 4îtLv/c is the cavity round trip phase shift. The frequency of the input 
field can be rewritten in teims of the resonance frequency,Vq, of the q-th cavity mode and 
so the phase shift becomes
(j) = 271X ~  (Vq + Av) = q27C + 27c (8.4)^ AVfsr
where Av is the frequency difference between the input field frequency and the resonance 
frequency of the q-th cavity mode, and Avfsr is the cavity free spectral range. Substituting 
now for (}) in equation (8.3) gives
E, 1 r? - rir2e2aLexp(-i27iAv/Avfsr)—L — — ^  —-------------------------------------- /g
^  f l 1 - rir2e^^Eexp(-i27iAv/Avfsr)
For very small detunings,Av, of the input field's frequency fi’om the resonance frequency 
of the amplifier cavity, equation (8.5) simplifies to
El 1 r?-rir2e2aL(i_i27tAv/Avfsr)—— = — X ----------------------------------- {8 6^^  ri 1 - rir2e2aL(i_i27îAv/Avfsr)
This is the regenerative amplitude gain experienced by a small injected signal oscillating 
close to a resonant mode of the cavity. However, under injection locking conditions, the 
regenerative amplifier gain is such that oscillation threshold has been passed. Thus the 
question to be addressed is what is the residual regenerative amplitude gain experienced by 
a small externally injected signal of firequency close to the fr equency of the lasing cavity 
mode ? Under steady state oscillation conditions the overall cavity round trip gain, 
rii'2 e2 «L, clamps at a value of unity and so this "saturated" regenerative amplitude gain for 
the small injected signal is
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giving a "saturated" regenerative power gain for the injected signal of
Î1
ÏQ
1 ^  A vfsr^
I'l 2tiAv (8 .8)
As the injected signal frequency is tuned closer and closer to the laser oscillation frequency 
(Av-^0) the regenerative gain increases rapidly. At some small but finite value of 
detuning, Av, the regeneratively amplified intensity of the injected signal will approach the 
intensity of the free running oscillator. This now large amplified injected signal begins to 
steal gain from the free running mode until the free running laser mode is eventually 
driven below tlneshold. At this point the laser is said to be injection locked. Just as gain 
saturation effects lirnited the intensity of the free mnning laser mode these same effects 
limit the regeneratively amplified injected signal to a similar intensity value over the 
injection locked regime.
The frequency bandwidth or "locking range" over which injection locking occurs can 
be estimated from equation (8.8). If lose is the free running laser intensity measured 
outside the cavity then from the above ar gument, locking will occur when Ii ^ qsc- From 
equation (8.8) tliis is
k j
 ^Avfsr^  
Aco >  Iosc (8.9)
AVfsr
Aco
n -r? ' /lose
lo
|Aco| <  AVfsr
\  (loser; - lo)
(8.10)
This amount of detuning can be tolerated on either side of cavity resonance and so the full 
injection locking captuie range is twice equation (8.10)
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Injection Locking Bandwidth (FWHM) |Av
7C
M l
l u  ; V Iprt ( l o s e r - I p ) (&11)
If the reflectivities of the two cavity mirrors ai^ e the same (iq=r2 =r) then using the 
following expression for the cold cavity FWHM linewidtlri^, Avi/2
AVi/2 = AVfsr 1 - r^7t (8.12)
tlie FWHM injection locking range given by equation (8.11) reduces to
Injection Locking Bandwidth (FWHM) Av ^  Avi/2
(iosei* - Ip)
(8H3)
To gain an idea of the magnitude of the locking range for practical laser systems, 
consider the following two examples
He-Ne GAS LASER HOLOSTERIC Nd:YAG 
LASER
cavity length 50cm 5cm
free specti-al range, AVfsr 300MHz 3GHz
mirror amplitude reflectivity VÔ.99 V0.99
11
muTor amplitude reflectivity, 
i’2
1 1
oscillator output power, lose lOmW lOmW
injected signal power, Iq ImW ImW
injec tion  locking range,
Av
320kH z 3.2M H z
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The small size of these practical injection locking ranges places stiingent demands on laser 
stability and highlights the main difficulty which has until now prevented the technique of 
injection locking from being exploited. However, with the advent of holosteric lasers with 
their inherent frequency stability and laiger injection locking ranges by virtue of theh* 
short, high Q cavities, laser injection locking of bulk lasers is becoming a more attiactive
proposition24,25
8.3.2 Initial Work on Injection Locking of Two CW Holosteric 
Nd:YAG Lasers
The relative frequency stability of a few MHz recorded between the two semi- 
breadboarded CW, end pumped, inti'acavity étalon holosteric lasers indicated that it might 
be possible to injection lock these two laser under optimum conditions. A simple injection 
locking experiment was conshucted in which the output beam of one laser was passed 
through an optical isolator and directed thr ough the output coupler of the second laser via a 
50% beam splitter. The frequencies of these combined beams were monitored using the 
scanning confocal interferometer. Working at night when the acoustic noise in the 
laboratory was at a minimum, the frequency of the slave laser was slowly scanned by 
means of its piezo mounted output mirror. Occasionally fleeting glimpses of interference 
fringes between the two combined laser beams were obsei-ved when the laser mode 
frequencies monitored on the scanning confocal interferometer were seen to coincide. 
Although the presence of observable interference fringes between the two beams is not 
conclusive proof of injection locking it is very unlikely, given the relative frequency 
stability of the two sepai'ate lasers, that static interference fringes could be generated in the 
absence of injection locking.
After moving to a laboratory which had a more stable and quieter environment and 
improving the passive stability of the two lasers, a second injection locking experiment 
was set up as illustiated in figme 8.11. In this experiment the radio frequency beat signal 
generated between the two lasers outputs was detected using a 3GHz bandwidth avalanche
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photodiode (BPW28). This time when the output frequency of the slave laser frequency 
was altered to reduce tlie frequency difference between the two lasers, the heterodyne beat 
signal was seen to decrease steadily and then abruptly vanish at ai’ound 3MHz. Continuing
Acoustic isolation Beam compressing 
and collimating optics Oscilloscope
Twisted mode SLM holosteric laser
"M A STER”
"SLAVE"
SLM holosteric laser with intracavity étalon
Interference hinges observed between combined beams when lasers injection lock.
Scanninginterferometer
Bright fringe
BPW28Fast photodiode
Dark fringe
Beam combining interferometer
RF spectrumanalyser
Figure 8.11. Schematic representation of the injection locking 
experiment.
to adjust the slave frequency in the same direction brought a sudden reappearance of the 
heterodyne beat signal again starting at 3MHz. During the frequency scanning process no 
mode hopping was observed on the scanning confocal interferometer display. Coincident 
with the disappearance of the heterodyne signal interference fringes could be seen in the 
combined beam output. This evidence strongly suggests that the lasers were injection 
locked. Injection locking could be sustained for one or two seconds before laser 
frequencies dr ifted apart due to themial expansion of the laser cavities.
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Using the following parameters for the slave laser and injected power the injection 
locking range was calculated from equation (8.11) to be ll.lM H z. The discrepancy 
between this theoretical prediction and the experimentally measured value of 6MHz may 
be due to poor spatial mode matching of the injection beam into the slave cavity mode. 
Although this initial injection locking work looks promising the experiment requires
cavity lengtli 5cm
cavity free spectial range, Av 3GHz
Output coupler amplitude reflectivity, V0.985
11
slave output power, lose 7mW
master injected power, lo 2.8mW
significant improvements such as better long term laser frequency stability and the 
development of an active seiwo systems to maintain the lasers within the injection locking 
range and to stabilise the optical path lengths in the beam combining interferometer.
8.4 Frequency Stabilisation By Resonant Optical 
Feedback.
In conventional injection locking, described in the previous section, frequency control 
and linewidth reduction of the slave laser emission is achieved by injecting the slave cavity 
with a weak, naiTow linewidth signal fr om a master laser. An interesting alternative to this 
scheme was proposed and demonstrated by D. Hjelme and co-w ork ers^ ^  in 1987, for 
frequency stabilising semiconductor diode lasers, in which the laser is self-injection 
locked by a spectrally filtered portion of its own output beam. This technique, known as 
resonant optical feedback locking, has proved to be easily implemented and very effective 
for frequency stabilising semiconductor diode lasers, producing linewidths in the region 
of a few tens of kilohertz2'7>28,29,30^
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In resonant optical feedback locking, the weak, spectially filtered optical feedback is 
provided by an on resonance, narrow linewidth (relative to the cold cavity linewidth of the 
laser), passive optical resonator. There are several possible optical geometries which can 
be used to provide the desired feedback characteristics of optical feedback only over a 
naiTow frequency range. The most commonly used scheme, shown in figure 8.12, 
employs an off-axis confocal optical cavity. This arrangement gives automatic mode 
matching between the laser cavity and passive resonator and allows only the leakage field 
from the on resonance cavity to be fed back. Thus the laser sees optical feedback only 
when the laser frequency matches the reference cavity resonance and so the laser 'optically 
self-locks' to the resonance of the feedback cavity. For stable operation of this system it is 
also necessary to control the phase of the optical feedback signal relative to the phase of 
the laser output beam. This can be simply achieved by varying the optical path length 
between laser and feedback cavity by means of a beam steering mirror mounted on a 
piezoceramic element or a tUtable glass plate inserted into tlie beam.
Phase Control
Laser
Off-Axis Confocal 
Interferometer
F igure 8.12. Off-axis confocal interferometer used for resonant optical 
feedback locking.
For resonant optical feedback to achieve line nanow ing of the source laser, the 
linewidth of the feedback cavity should be smaller than that of the laser cavity^LSZ yiiis 
requkement has so far* limited the application of the technique to semiconductor diode 
lasers. These lasers tend to have very low finesse cavities and so it is simple to construct 
an external passive cavity of much higher finesse to provide the optical feedback. 
However, with the development of the ultra high finesse optical resonator used in this 
work and the inherent frequency stability of diode laser pumped solid state lasers, we are
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now in the novel position of being able to apply the resonant optical feedback technique to 
a solid state laser system.
As mentioned in section 7.1.3 our ulti'aliigh finesse optical cavity is non-confocal and 
so must be used on axis for mode matching purposes. Thus an alternative geometry to the 
conventional off axis feedback cavity scheme must be used. The novel optical layout 
developed to overcome this difficulty is shown in figure 8.13. A third minor, M3 
(identical to M l), and a 50% beam splitter, BS, are added to the optical cavity to form a 
Michelson interferometer in conjunction with tlie input minor, M l, of the cavity. With the 
cavity in the off-resonance state the optical path length of Michelson arm M3-BS is 
adjusted by means of the piezo transducer, to null the output from port I (i.e.. the directly 
reflected signal from the cavity input minor now appears at port II) of the Michelson 
interferometer. When the optical cavity is now brought into resonance (by changing the 
laser frequency appropriately) only the leakage field from the cavity emerges at port I of 
the Michelson interferometer to be retimied to the laser.
Laser
Phase Control „  '
^  j i  '
On-Axis
Interferometer
À .
L2 /  L3""'— '"I "
Ml M2
M3
PZT
F igure 8.13. Combined Michelson/Fabry-Perot interferometer to enable 
on-axis, non-confocal interferometers to be used for resonant optical 
feedback locking.
The theoretical reflection response of this coupled M ichelson/Fabry-Perot 
interferometer was deteiTuined using flow diagi'am analysis^^ and found to be
^  =  [ 2 A 2  +  b 2  +  r 2 b 2  -  2 A 2 c o s ( 5 )  + 2ABcos(A) - 2RABcos(A-8) -
2ABcos(A+5) + 2RABcos(A) - 2 R B 2 c o s ( 5 ) ]  /  [ l  + R 2  - 2R eos(8)] (8.14)
where R = minor power reflectivity
Rbs = beamsplitter power reflectivity
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A = VR(1-Rbs)
B — V RRbs
Ô = round trip phase shift off-set from resonance of Fabry-Perot cavity 
= 2kL3
A = phase difference between die two arms of the Michelson interferometer,
= 2k(L2 - L i) 
k = iTZfk
In figure 8.14, equation (8.14) has been plotted as a function of the round trip phase 
shift off-set from resonance of the Fabry-Perot cavity, ô, for various phase differences, 
A, between the two arms of the Michelson interferometer. As can be seen from this figure,
A = 0
. 8  -
. 6 ■
. 4  -
I . 9 8 1.99  2 S . 01
â PHASE AMGLE t P I )
2 . 0 2
5
4
. 3
. 2
Q
I . 9 8 I . 99 2
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.25
A = Jtc
3
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I . 9 8 I . 9 3 2 2.02
3 PHASE ANGLE ( P I )
F igure 8.14. The calculated reflection response of the coupled 
Michelson/Fabry-Perot interferometer as a function of the round trip phase
shift off-set from resonance of the Fabry-Perot cavity, ô, for various phase
differences, A, between the two arms of the Michelson interferometer, (a)
A=0, (b) A=0.666871, (c) A=7i.
when the phase difference between the two arms of the Michelson interferometer is 7t 
radians, the combined Michelson/Fabry-Perot interferometer does indeed display the 
desired reflection characteristic of feedback signal only on resonance.
« ■ ■ « ■ ■ I
w t~ m n s r
(a)
F igure 8.15. The transmission function of the reference cavity as a 
function of laser frequency for (a) no optical feedback and (b) resonant 
optical feedback.
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Using this arrangement a preliminary investigation of the effect of resonant optical 
feedback on a single longitudinal mode, diode laser pumped Nd:YAG laser has been 
carried out. To show tlie existence of some form of optical locking effect, the transmission 
characteristics of the reference cavity were recorded as the laser frequency was scanned 
through a resonance of the reference cavity. Frequency scanning was accomplished by 
applying a ramp voltage to the piezoceramic mount of laser output coupler. Figure 8.15(a) 
shows the chai'acteristic Aiiy tiansmission function of the reference cavity obtained with 
no optical feedback present. The full-width-at-half-maximum frequency width of this 
fiinge was calculated to be 38kHz. With optical feedback applied to the laser an apparently 
much broader reference cavity transmission fringe was obtained. See figure 8.15(b). This 
indicates that for a portion of the frequency scan, the laser frequency stopped changing 
with applied voltage to the frequency transducer and became locked to the resonance 
frequency of the reference cavity. In this case, the fulFwidth-at-half-maximum of the 
transmission fringe was found to be 223kHz, a factor of 5.9 greater than the no feedback 
case, indicating that the laser frequency was indeed locked to the cavity resonance over 
some finite locking range.
Two difficulties have been encountered with tliis system which have so fax* prevented 
conti*olied, long term resonant optical feedback frequency locking of the diode pumped 
Nd:YAG laser. Firstly, the phase and intensity of the signal reflected from the reference 
cavity are very dependent on the phase difference between the arms of the Michelson 
interferometer. Any instabilities in the arm lengths of the Michelson interferometer will 
therefore have a profound effect on the stability of the optical feedback locking process. 
Secondly, the optical locking range is small being only 100-200kHz wide. Although the 
free running linewidth and fr equency diift of the diode pumped Nd:YAG laser are small it 
is still extremely difficult to maintain the laser frequency within this naiTow frequency 
locking range for longer than a second. The first difficulty may be overcome by using a 
different feedback geometry which dispenses with the Michelson interferometer section 
and makes use of the reference cavity ti'ansmission signal as shown in figure 8.16.
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On-Axis 
InterferometerPhase Conti'ol
Laser
Faraday
Isolator
Half-Wave Plate
F igure 8.16. An alternative geometiy for optical feedback locking using 
the transmission signal of a resonant cavity.
To maintain the laser frequency within the feedback locking range a hybrid locking 
scheme, combining both optical feedback and convention electronic feedback, could be 
used. For instance, Pound-Drever locking could provide a loose frequency lock to the 
centre of the reference cavity resonance. The addition of optical feedback to the system 
may reduce the bandwidth requirements of the electronic serwo. Such a double feedback 
method has been applied to an AlGaAs diode laser by Shin and Ohtsu^" .^ In their system 
the diode laser was electronically servoed to a high finesse cavity using side-of-fringe 
locking, whilst resonant optical feedback was provided by a separ ate, off-axis confocal 
cavity. With optical feedback alone the laser linewidth was measured to be a few kilohertz. 
This was further reduced to 7Hz when electronic locking was added to the feedback 
network.
Whether or not resonant optical feedback locking will prove to be a useful 
complementary technique for frequency stabilisation of solid state lasers, such as diode 
pumped solid state lasers, remains to be shown. For these lasers, much work still requires 
to be done to investigate self-locking ranges and the frequency and intensity noise spectra 
of the laser output under the influence of resonant optical feedback for different levels of 
feedback and for reference cavities of various linewidths.
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GENERAL CONCLUSIONS
Diode laser pumped solid state lasers have now become a well established technology 
and have proved their worth in almost all facets of laser research. However, in the field of 
ultianarrow linewidth optical sources, the unique features of diode laser pumped solid 
state lasers have perhaps, had the most profound influence. For instance, commercial 
diode pumped solid state lasers are now available "off the shelf", witli free rirnning, short 
term linewidths in the region of a few kilohertz at power levels of hundreds of milliwatts. 
With the application of the advanced frequency stabilisation techniques, this aheady 
narrow linewidth can be dramatically reduced to the millihertz level, well below the 
Schawlow-Townes limit and approaching the ultimate, shot noise limit.
In this thesis the design, construction, evaluation and development of an all solid state, 
narrow linewidth laser source has been presented. The work has ranged from the initial 
char acterisation of the fibre coupled, GaAlAs diode laser arrays used as the pump sources 
for the solid state NdiYAG laser, through all the steps required to produce an actively 
stabilised, nairow linewidth laser and the application of the resulting frequency stabilised 
source to injection seeding and injection locking of otirer solid state lasers.
The rate equation based numerical model of the basic Nd:YAG laser proved an 
invaluable tool in the development and understanding of the end-pumped laser, allowing 
the effects of varying different cavity parameters on the laser performance to be explored 
without the expense and time involved in prototyping. The model enabled optimisation of 
the optical characteristics of the laser cavity and provided useful confirmation of the 
peifoiTTiance of the first experimental devices.
Two methods of longitudinal mode selection, namely the inti'acavity étalon and the 
twisted mode, were applied to the diode laser pumped NdiYAG laser with equal success. 
In the case of the étalon mode selector it was shown that a simple, uncoated fused silica
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étalon could provide just enough intracavity loss to allow only one longitudinal mode to 
oscillate in the laser. The design criteria for such étalons were presented and used to 
calculate the optimum étalon thickness and surface reflectivity for mode selection in the 
diode pumped laser.
Contrary to expectations the twisted mode laser brought no benefit in terms of 
increased output power compared to the étalon mode selector. This was thought to be due 
to the increased inti'acavity losses from the lai'ge number of additional inti’acavity surfaces 
inti’oduced into the low gain laser cavity. It is expected however, that this technique 
should be more efficient than an étalon mode selector in higher gain laser systems. From 
the experimental analysis of the twisted mode laser it was appaient that the mode selecting 
ability of the technique was very sensitive to any residual birefringence in the gain 
medium. It is therefore important to the success of this method of mode contiol that high 
quality birefringence free gain crystals are used and that mechanical sti’ess and internal 
thermal gradients are minimised to avoid sti'ess induced birefringence effect in the gain 
medium.
The relative free mnning frequency stability between a paii’ of single longitudinal mode 
diode laser pumped Nd:YAG lasers was investigated. By caiefully isolating these lasers 
from envii'onmental noise using a small, custom built anechoic chamber the linewidth of 
the optical heterodyne signal between the two free mnning lasers was reduced from tens 
of megahertz to around lOkHz measured on a millisecond time scale. This narrow 
linewidth was comparable to those observed by other research groups in this field. 
Although these Nd’.YAG lasers exhibited excellent short term frequency stability, their 
longer term frequency dr’ift was significant. To reduce this frequency drift, future cavity 
designs should be constructed from low expansion materials, carefully thermally 
compensated and hermetically sealed. Active temperature of the lasers’ environment could 
also be considered.
To acliieve additional line naiTowing of the diode laser pumped NdrYAG laser output 
spectram the active frequency stabilisation technique of Pound-Drever locking was applied
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to one of the Nd:YAG lasers. A mathematical description of the Pound-Drever stabiliser 
was presented and a phasor model was developed which provided useful insight into the 
operation of this system. The ultimate limit of active stabilisation in reducing laser 
linewidth was also discussed.
One area where frequency stabilised CW lasers are increasingly being used is in axial 
mode selection (injection seeding) and frequency control (injection locking) of higher 
power pulsed and CW laser oscillators by injected signal. Having developed a practical 
narrow linewidth laser, the system was successfully used as a master oscillator to injection 
seed a 0.25mj diode laser pumped Q-switched NdiYAG slave laser.
The availability of compact, efficient lasers of exceptionally high spectral purity 
extends the opportunities for progress in many research areas such as coherent optical 
communications, LIDAR remote sensing, gravitational wave detectors, laser isotope 
separation and the next generation of optical frequency standards based on laser cooled 
atoms or ions. It is now conceivable that many of the more sophisticated and refined 
techniques, such as phase locked loops, phased arxay beam steering, wave form and pulse 
synthesis, etc. commonly used at radio and microwave frequencies will also be applied to 
the optical region of the spectrum.
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DERIVATION OF POUND-DREVER 
DISCRIMINANT
Outlined in this appendix is a mathematically more rigorous derivation of the eiTor 
signal produced by the Pound-Drever locking scheme and serves to complement the 
analysis described in Chapter 6. The analysis extends that of Houssin et al  ^ to include a 
small frequency modulation (FM) noise component and derives an expression for the 
eiTor signal resulting from this noise term.
Consider the instantaneous frequency, Vj, of the optical field incident on the 
reference cavity as consisting of the fundamental laser frequency, v and two FM 
contributions. One FM term is imposed on the laser beam by the extracavity optical 
phase modulator and is of the form
AVmCos <%it (Al)
where A v^  = Maximum frequency excursion from Y). The other FM teim represents a 
single fi'equency component of the laser noise spectium and is given by
Avncos c%t (A2)
Thus the instantaneous frequency Vj, of the laser output is
Vi = V + AVj^ cos cotnt + Av^cos %t (A3)
The instantaneous phase , 0 i, of the optical field is just
j_ d 0 i  
271 ^ — Vj — V 4- AvjyjCos co^Y^t 4- AVj^ cos n t^ (A4)
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9>i is obtained through integration and is
Oi = cot + sin c%|t + fA^ sin co^t (A5)
The terms M  ~ A ^ /v ^ i  and 5V^= AVj^ /Vu are the modulation indices for the imposed 
i f  modulation and noise induced modulation respectively. Using this expression for 
instantaneous phase, the modulated laser field may be written in complex notation as
j(cot + fAf sin cc^t + fA^ sin cOj^ t)
E = EqC (A6)
Expanding in terms of Bessel functions of the fust kind of order p, equation A6 becomes
jcot
E = EqC I
p = - c
jpcomt I
p = - c
jpcOnt
Jn W e (A7)
In laser stabilisation schemes involving rf reflection locking the amount of rf 
modulation is kept small such that its modulation index M<\. In this circumstance the 
Bessel function expansion of the rf modulation may be replaced, to a good 
approximation, by the fir st three terms of the summation of order p = -1, 0, +1.
To keep the calculation within manageable proportions it is necessar y at this stage to 
impose the limitation that the modulation index of the FM noise term With this 
assumption the Bessel function of the FM noise term may also be replaced by the three 
tenus p = -1, 0, +1 in the summation . With the aid of the Bessel function identity
(A8)
equation A7 becomes
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jcot j(C0+C0n)t j(CO-COn)tE = EolJoW Jo(5V)e +Jo(5W)Ji(fA0e ^  -J o W J iW  e
+JoWl(5W) j^(C0+C0m-C0n)t
- e''^® - J i M J i W  e ’^ ®'®” ’*’®"^+Ji(5W)Ji(5\û e’^®"®™'“ "^‘
(A9)
After interacting with the reference cavity the optical field retiuning from the cavity will 
be
jcot j(CO+COn)tE = Eq lJo(^%(5V)g(co) e  + Jo(fJV^ OJi(f5V)g(co+cOn) e
j(C0-COn)t j(CO+COm)t- JoC^OJi Wg(co-con) e + JoWJi(5K>g(co+coni) e
j(CO-COm)t j(C 0+C 0m +C 0n)tJoWJiMg(cD-C0m)e ^  +Ji(!Af)JlWg(co+o)m+cOn)e ^
j(CO+C%.-COn)t j(C0-C 0m +C0n)t-JlWJlWg(co+cOm-cOn)e ^  -JiMJiWg(co-cOm+cOn)e ^
j(co-co.Yi-cOn)t]+ Jl(!AOJl(9\Og(co-com-con) e I
where
is the lineshape function of the optical cavity in reflection mode, with
I'l , 1*2 = amplitude reflectivities of cavity miiTors (assumed real), 
ti = amplitude transmission of cavity input miiTor (assumed real).
A(10)
2 -j(m)i;^ i r z e
g(co)=ri- — —  (Al l )-J(0))Tl-ririG
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X = cavity round trip time = 2L/c.
Detection of the optical field by the photodiode produces an average photocurrent 
proportional to Of this current, only components oscillating at or near* 0 )^
contribute to the generation of the final eiTor signal. In practice these terms may be 
selected by a suitable bandpass filter centred at The output. I, for such a filter will
be
Jo(»0 h m  (g(co) g(co+com)* - g(w) g(œ-û}n)*
2 I $+ E Q Jo M Jo W JiM JiW |g ((o + (% )g (m + co m ) e '
- g(o>fcOn) g(cO“COm)'" - g(m-%) g((o+(Om)* e
, . , / \ / X* ■j(^m'^50jY)t+ g(co-con) g(co-c%i) e  + g(co) g(cû+C0m+cùn) e
g(co) g(œ+conY-%) e - g(œ) g(co-<%Y+cOn) e
* j(cOm^^n)ll+ g(03) g(co-(%^-(%) e J + complex conjugate (A 12)
Subsequent demodulation of this signal with sin (%it in the double balanced mixer 
performs the function sinAcosB = ^  [sin(A-B) + sin(A+B)]. Again filtering of the
balanced mixer output is used to reject signals at 2(%it leaving only dc and low
frequency terms. The error signal emanating from tlie filter output is thus
I JqW  Jl W  r i  1*2 2 sin cox sin((o+i%Y)x sin(co-cc^)xD D+ D'
+ Eg Jo(5W) JoW  J i m  J lW  tj ri r - h - ^  sin(cOnt) + 2 ^  sm(c%t)
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sin[^(œ+C0ni)T+c%tj sin [^ (co+C0n|)x-(%tj
sin [(co-Cûm)x+Cûnt] + ~  sin [(Cû-Cûni)x-COntj
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ri ro ri ro+ 2 —  sin(% t) +  2 —  sin((%t)
+ 2 ^ q ^  sin[(cû+c%)T:-C0nt] - 2 ^  sin[(ca-c0n)x+C0n t]
- ^  si"  [ ( “ +û>m+“ n)'t-«h t] + ^ s i "  [(C0+£0m-C0n)x+«)nt 
- ^ s i "  [(co-cûm+cOn)x-c%t] + ^ s i n  [(m-o)m-(%)x+(%t]
2 g  sin [^œx+cOntj - 2 g  sin foix-contl1 ,
l'11*24  sin (Cûnt) \ + higher order tenus (A13)
where
2 2D = 1+ r^r2  - 2rp2  cos(cox),
D"^  = 1+ r^ r2  - 2 r%i'2  cos(œ+(% )T,
22D = 1+1^2 - 2rii*2 cos((jo-c%^)x,
2 2
= 1+1^ 2 - 2r%i'2 cos(co+(%)t,
.n- . 22D = 1+ ip 2  - 2 r%i'2  cos(co-%)i;,
262
Appendix A
.++ - 22D = 1+ rg'2 - 2rir2 cos(m+%i+C0n)x,
2 2O'*" = 1+ ip2  - 21*11*2 cos(co+cqYi-<%)x,
2 2= 1+ i’ji'2  - 2rii*2 cos(co-oin+cOii)x,
22D“" = 1+ i*ji*2 - 21*11*2 cos(Cù-(%i-Cûn))x
An analysis of this system transfer function is given in Chapter 6.
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